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Approximately 13% of the world’s coastline is occupied by coastal lagoon systems which are often very 
important centres for recreational and commercial industries. Nutrient loading from nearby waste 
deposits into coastal bodies such as estuaries and lakes is not uncommon, and the leaching and 
migration of waste into such water bodies can lead to eutrophication. Hence, the understanding of 
contaminant plumes and nutrient loading mechanisms such as submarine groundwater discharge is of 
particular importance to coastal managers. 
The Windang peninsula is a sandy coastal barrier 80 km south of Sydney, Australia, and forms the north-
eastern edge of Lake Illawarra. The dumping of nightsoil and septic effluent into unlined trenches in the 
dune system adjacent Port Kembla Golf Course on the Windang peninsula has occurred from the early 
1940s until the 1990s, and is thought to have led to eutrophic events including algal blooms in Lake 
Illawarra during times of intermittent tidal flushing. 
The unconfined aquifer in Windang around the south-western portion of Port Kembla Golf Course was 
assessed in this study with the goal of identifying the characteristics of a known ammonia plume 
including migration, discharge and attenuation. Eight boreholes were assessed over 4 ‘dry’ sampling 
events and 3 post-rainfall ‘wet’ sampling events to determine chemical concentrations and groundwater 
properties. Very little NOx was found in the study area, and ORP results suggest that groundwater is in a 
reduced to slightly oxidising state. Ammonia concentrations exceeded ANZECC trigger values for 
estuarine bodies by a factor of 24 times on average, with a mean plume concentration of 36 mg/L and a 
range of 1.8 to 103 mg/L recorded in groundwater during the study period. Ammonia concentrations were 
found to be higher following rainfall periods, which is most likely due to the leaching of nitrate and organic 
nitrogen from the surface and subsequent conversion to ammonia via ammonification and dissimilatory 
nitrate reduction to ammonium. The plume is moving through the aquifer in a westerly direction via 
advection, moving upwards over a saltwater wedge that intrudes from Lake Illawarra in the western edge 
of the peninsula and upwelling close to the surface near the shoreline. The plume is also discharging into 
Lake Illawarra via submarine groundwater discharge as contaminated groundwater from the peninsula 
seeps into lake sediment. Hydraulic characteristics of the Windang sandy unconfined aquifer were 
established using manual and automatic standing water level measurements, as well as slug testing. 
Groundwater flow and plume migration takes place in a west-north-westerly direction at a rate of 5.4 
metres per year. Tidal pumping was observed between the western edge of the aquifer and Lake Illawarra 
based on statistical correlations with automatic data loggers and a Lake Illawarra tidal gauge. Ammonia 
concentrations in the plume are likely primarily derived from the leaching of septic effluent and nightsoil 
waste deposits rather than fertiliser leaching from Port Kembla Golf Course. Between 12 and 17 tonnes of 
ammonia are thought to be within the study site groundwater, with 0.42 tonnes discharging into Lake 
Illawarra from the study site per year from steady-state groundwater flow. An approximate plume shape 
was determined, showing dispersive or diffusive processes as the probable mechanisms for migration of 
the ammonia plume perpendicular to groundwater flow. Historical concentration data exhibits attenuation 
of the plume over time via discharge into adjacent Lake Illawarra, and based on two independent 
methodologies, this study presents time-till-depletion values of between 7 and 40 years for the ammonia 
plume. 
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Abstract 
Approximately 13% of the world’s coastline is occupied by coastal lagoon systems which are often 
very important centres for recreational and commercial industries. Nutrient loading from nearby 
waste deposits into coastal bodies such as estuaries and lakes is not uncommon, and the leaching 
and migration of waste into such water bodies can lead to eutrophication. Hence, the understanding 
of contaminant plumes and nutrient loading mechanisms such as submarine groundwater discharge 
is of particular importance to coastal managers.  
 
The Windang peninsula is a sandy coastal barrier 80 km south of Sydney, Australia, and forms the 
north-eastern edge of Lake Illawarra. The dumping of nightsoil and septic effluent into unlined 
trenches in the dune system adjacent Port Kembla Golf Course on the Windang peninsula has 
occurred from the early 1940s until the 1990s, and is thought to have led to eutrophic events 
including algal blooms in Lake Illawarra during times of intermittent tidal flushing.  
 
The unconfined aquifer in Windang around the south-western portion of Port Kembla Golf Course 
was assessed in this study with the goal of identifying the characteristics of a known ammonia plume 
including migration, discharge and attenuation. Eight boreholes were assessed over 4 ‘dry’ sampling 
events and 3 post-rainfall ‘wet’ sampling events to determine chemical concentrations and 
groundwater properties. Very little NOx was found in the study area, and ORP results suggest that 
groundwater is in a reduced to slightly oxidising state. Ammonia concentrations exceeded ANZECC 
trigger values for estuarine bodies by a factor of 24 times on average, with a mean plume 
concentration of 36 mg/L and a range of 1.8 to 103 mg/L recorded in groundwater during the study 
period. Ammonia concentrations were found to be higher following rainfall periods, which is most 
likely due to the leaching of nitrate and organic nitrogen from the surface and subsequent 
conversion to ammonia via ammonification and dissimilatory nitrate reduction to ammonium. The 
plume is moving through the aquifer in a westerly direction via advection, moving upwards over a 
saltwater wedge that intrudes from Lake Illawarra in the western edge of the peninsula and 
upwelling close to the surface near the shoreline. The plume is also discharging into Lake Illawarra 
via submarine groundwater discharge as contaminated groundwater from the peninsula seeps into 
lake sediment. Hydraulic characteristics of the Windang sandy unconfined aquifer were established 
using manual and automatic standing water level measurements, as well as slug testing. 
Groundwater flow and plume migration takes place in a west-north-westerly direction at a rate of 
5.4 metres per year. Tidal pumping was observed between the western edge of the aquifer and Lake 
Illawarra based on statistical correlations with automatic data loggers and a Lake Illawarra tidal 
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gauge. Ammonia concentrations in the plume are likely primarily derived from the leaching of septic 
effluent and nightsoil waste deposits rather than fertiliser leaching from Port Kembla Golf Course. 
Between 12 and 17 tonnes of ammonia are thought to be within the study site groundwater, with 
0.42 tonnes discharging into Lake Illawarra from the study site per year from steady-state 
groundwater flow. An approximate plume shape was determined, showing dispersive or diffusive 
processes as the probable mechanisms for migration of the ammonia plume perpendicular to 
groundwater flow. Historical concentration data exhibits attenuation of the plume over time via 
discharge into adjacent Lake Illawarra, and based on two independent methodologies, this study 
presents time-till-depletion values of between 7 and 40 years for the ammonia plume.   
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Chapter 1. Introduction 
1.1. Study context 
Anthropogenic nutrient inputs into coastal aquatic systems such as estuaries are having continued 
effects worldwide (Timmermann et al. 2010). Nutrient loading into coastal bodies such as estuaries 
via groundwater discharge can have pronounced effects on water quality and habitat assemblages, 
as an estuary may not always experience regular flushing or replenishment. Of particular importance 
is that it is not uncommon for nutrient inputs into these aquatic systems to be the result of 
contamination from waste deposits. For instance, elevated inorganic nitrogen loads are regularly 
associated with waste contamination, and these often enter into coastal bodies via submarine 
groundwater discharge (SGD). It is important for coastal managers to be able to understand, monitor 
and plan for effects such as eutrophication that can be brought about by contamination from waste 
deposits. Estuaries tend to be nitrogen-limited systems, making contamination from waste deposits 
particularly important to understand (Howarth & Marino 2006). 
 
Temperate coastal estuaries and lagoons such as Lake Illawarra are commonplace along the south-
eastern coast of New South Wales. Lake Illawarra is a coastal barrier estuary situated approximately 
70 kilometres south of Sydney, NSW, Australia (Figure 1). It is shallow in depth, 36 km2 in area and 
now has a more permanent opening to the Pacific Ocean; approximately fifteen tributary rivers and 
streams flow into the lake (Shellharbour City Council 1998). Lake Illawarra is an example of an 
estuary that undergoes substantial influence from anthropogenic sources both by tributary inputs 
and direct input into the lake via run-off or drains.  
 
The Lake Illawarra sand barrier (Windang peninsula) is approximately 6 km long and is partly covered 
by the Port Kembla Golf Course (PKGC) and adjacent residential areas. Before the creation of a more 
permanent opening in 2007, Lake Illawarra experienced enhanced eutrophication and frequent algal 
blooms due to falling water levels caused by drought conditions (Doran 2002; Montgomery 2004). 
From the 1940s until 1995 there had been ongoing waste disposal events on the Windang peninsula 
in the form of copper slag emplacements, septic screen and effluent deposits, night soil and coal 
wash deposits (Figure 2). There is evidence that these deposits are leaching nutrients into the 
Windang unconfined sandy aquifer which adorns the peninsula (Yassini & Robson 2005; Yassini 
2006). It is theorised that contaminated groundwater from the Windang unconfined aquifer is 
discharging into Lake Illawarra through SGD (Doran 2002; Montgomery 2004; Yassini & Robson 2005; 
Longhurst 2015). 
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Figure 1. Location of the Windang peninsula and study site on the east coast of Australia, showing 
Lake Illawarra and the Pacific Ocean. 
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The Windang aquifer is an example of an unconfined sand aquifer comprised of approximately 10-30 
metres of unconsolidated quartzose sand dated to the Quaternary (Coffey Partners International 
Pty. Ltd. 1996). The aquifer has an unsaturated or vadose zone approximately 0.5-2 metres thick, 
and groundwater in the saturated zone is comprised of a top layer of fresh water approximately 5 m 
thick, with a distinct boundary occurring where groundwater then becomes brackish down to the 
sandstone base (Doran 2002; Longhurst 2015).  
 
 
Figure 2. Map view of the approximate location of waste disposal sites east of the study area 
(Longhurst 2015). 
The Windang aquifer has been studied in detail several times over the past three decades. Early 
studies focused on concentrations of heavy metals in associated with copper slag emplacements at 
Korrongulla Swamp, north-west of PKGC (Coffey Partners International Pty. Ltd. 1994, 1996; Yassini 
2006). More recent studies of the Windang aquifer have shifted focus to the movement of 
contaminants such as nitrogen within the aquifer in relation to contamination from waste deposits 
(Doran 2002; Montgomery 2004; Yassini & Robson 2005; Longhurst 2015). These studies will be 
discussed in more detail in Chapter 2. There are, however, notable gaps in the literature, including 
the isotopic fractionation of nitrogen species such as ammonia in the aquifer, the study of which 
may be useful in determining the primary sources of contamination. In addition, the full spatial 
extent of the contaminant plume, as well as the quantity of SGD moving from the Windang aquifer 
into Lake Illawarra, has not been established.  
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1.2. Aims and objectives 
This study will focus on determining the extent of groundwater contamination and migration from 
the aforementioned waste disposal sites into Lake Illawarra. The study will be a continuation of work 
conducted by Longhurst (2015) and will help establish a quality dataset of the current properties of 
the Windang sandy aquifer which may then be used to inform future strategic management and 
monitoring of the Windang peninsula and Lake Illawarra. Data will be obtained by fieldwork 
including the sampling of bores, laboratory analysis of chemical concentrations, slug testing and 
manual and automated water level data logging. Key groundwater quality parameters that will be 
analysed include electrical conductivity (EC), oxidation-reduction potential (ORP), dissolved oxygen 
(DO), salinity, nitrogen content (ammonia, nitrate, nitrite and total Kjeldahl nitrogen) and 
phosphorus (reactive and total).  
 
The key objectives set out for this study are to achieve a thorough study of the Windang unconfined 
sandy aquifer and contaminant plume by: 
 Assessing the water quality properties of groundwater in the Windang unconfined sandy 
aquifer bounded by the study site including chemical concentrations and other influencing 
factors; 
 Assessing any significant relationships found between analytes; 
 Investigating the approximate origin of the contaminant plume; 
 Estimating the hydraulic properties of the aquifer including groundwater flow and 
discharge into Lake Illawarra; 
 Assessing the differences between ‘wet’ and ‘dry’ sampling events in terms of water 
quality and aquifer characteristics; 
 Assessing any correlation between water level in the Windang unconfined sandy aquifer 
and water level in Lake Illawarra, as well as rainfall; 
 Calculating an approximate tonnage of contaminant in the study site using spatial 
interpolation methods; 
 Using software modelling to approximate the three-dimensional properties of the 
contaminant plume in the study site and provide explanations as to why the plume takes 
its present shape; 
 Assessing the northern and southern extents of the ammonia plume; 
 Finding the potential including the location of SGD of contaminated groundwater into Lake 
Illawarra; 
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 Estimating how much of this plume is being discharged into Lake Illawarra over time and 
the implications of this; 
 Estimating the amount of time it will take for the contaminant plume to be depleted based 
on the findings of this study as well as data from previous literature. 
1.3. Thesis structure and scope 
This thesis presents a review of current literature in Chapter 2, which relates to the movement of 
groundwater in an unconfined aquifer including discharge, recharge, and migration; contaminant 
movement through an aquifer and tracers; determining contaminant sources; assessing the effects 
of nutrient loading and contamination on coastal systems; nitrogen speciation and a local focus on 
the Lake Illawarra nitrogen plume. Chapter 3 will describe the methods that were used in data 
collection and analysis, and Chapter 4 will present the results of the study. The discussion, 
interpretation and limitations of these results are addressed in Chapter 5. The conclusions of this 
study are addressed in Chapter 6, and this chapter will also make a number of recommendations for 
further avenues of study regarding the Windang unconfined sandy aquifer. All additional data 
relevant to the study are included in the appendices. 
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Chapter 2. Literature review 
2.1. Introduction 
The chapter will present a review of the current literature on groundwater infiltration and 
movement (Section 2.2), the nature of contaminants (Section 2.3) and their effects on coastal 
waterbodies (Section 2.4). This review will provide a specific focus on Lake Illawarra and the role 
groundwater from the Windang peninsula aquifer plays in Lake Illawarra water quality. Section 2.5 
will address the contaminant plume in the Windang unconfined sandy aquifer, and conclusions will 
be drawn in Section 2.6. 
2.2. An introduction to groundwater in coastal lagoon systems 
2.2.1. Controls on unconfined aquifer groundwater storage and movement 
Groundwater is the underground storage of water in porous media such as unconsolidated rock or 
sand which is referred to as an aquifer. Aquifers may be confined, meaning that above and below 
the porous media where water is stored there is an impermeable layer such as clay or solid rock 
(termed an aquitard) which inhibits the flow of water directly into and out of the aquifer. An aquifer 
may also be unconfined where there is an absence of aquitards, allowing groundwater to flow 
relatively freely in the aquifer. The homogeneity of the aquifer plays a role in groundwater 
movement; aquifers with a higher hydraulic conductivity will allow groundwater to flow with less 
obstruction. If the horizontal hydraulic conductivity is the same in all directions, then the aquifer is 
isotropic, though if hydraulic conductivity varies in all directions then the aquifer is termed 
anisotropic, which is more common in reality (Palmer 1996, p. 15). 
 
The Windang sandy aquifer exists as part of a sand barrier that developed during the Holocene high 
sea level stand (Sloss et al. 2004). When barriers are composed of permeable materials such as 
coarse sand, groundwater can move with relative ease (Niencheski et al. 2007). It is common for 
barrier island and peninsula aquifers to develop a distinct lens of freshwater, where fresh water 
from rain or other recharge infiltrates the water table (Figure 3). Freshwater settles above salty to 
brackish groundwater of marine or other origin due to density-dependent fluid separation 
(Hodgkinson et al. 2007; Röper et al. 2012). The thickness of this freshwater lens is dependent on the 
recharge rate, as well as the area of the aquifer itself and proximity of the aquifer to saline water. 
Freshwater lenses are particularly vulnerable to pollution as they are susceptible to anthropogenic 
pressures such as contamination, saltwater intrusion and over-extraction (Röper et al. 2012). The 
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underlying intruding saltwater body is termed a saltwater wedge, and groundwater may undergo 
density-dependent flow due to the presence of a wedge (Hodgkinson et al. 2007). 
 
 
Figure 3. Idealised cross-section of a barrier with a freshwater lens. Adopted from Mylroie and 
Carew (1995). 
Portions of the aquifer with higher hydraulic conductivity may promote the mixing between saline 
and fresh water, limiting the depth of the freshwater lens and increasing the thickness of the mixing 
zone (Vacher 1988). This zone of mixing is referred to as the freshwater-saltwater interface, and its 
thickness is dependent on a number of factors including tidal range, hydraulic conductivity and 
recharge rate (Schneider & Kruse 2006; Röper et al. 2012; Röper et al. 2013). A cross-section view of 
an idealised saltwater wedge underlying a freshwater lens is shown in Figure 4. 
 
 
Figure 4. Idealised diagram of saltwater wedge intrusion into a freshwater aquifer. Adopted and 
modified from Barlow (2003). 
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Related to groundwater flow is the hydraulic gradient, which can be caused by spatial differences in 
recharge, or where certain areas experience higher rates of discharge than other areas (Schneider & 
Kruse 2006). Groundwater flows in both horizontal and vertical directions, and it effectively flows in 
a tortuous fashion (Musy & Higy 2011, p. 196). Lateral movement in an unconfined aquifer is driven 
primarily by potential energy, where water travels horizontally as it flows down the hydraulic 
gradient from areas of high potential energy to low potential energy as shown in Figure 5 (Palmer 
1996, p. 15; Musy & Higy 2011, p. 196). The hydraulic gradient also drives the vertical movement of 
groundwater; flow occurs between two points when the hydraulic head at one point is higher than 
the other, with water moving through pores in the soil (Montgomery 2004). In an unconfined 
aquifer, groundwater movement is constricted from below by an underlying impermeable layer 
(Vacher 1988). This is true for the Windang sandy aquifer which is underlain by volcanic sandstone 
from the Broughton Formation (Coffey Partners International Pty. Ltd. 1994; Montgomery 2004).  
 
 
Figure 5. Arrows showing the movement of recharge through the vadose zone and into the 
saturated zone. Adopted from Winter (1998), modified from Dunne and Leopold (1978). 
2.2.2. Groundwater discharge 
Discharge is the movement of groundwater out of the saturated zone in an aquifer via migration. In 
a coastal barrier setting, discharge in an unconfined aquifer can occur into a water body such as an 
estuary or ocean via SGD (Niencheski et al. 2007). The discharge rate, Q, of an unconfined aquifer is 
dependent on the cross-sectional area of the aquifer flow, local hydraulic conductivity and water 
table gradient. Discharge can be calculated using Darcy’s Law (Palmer 1996, p. 15; Lipták & Liu 2000, 
p. 63; Musy & Higy 2011, pp. 201-2): 
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𝑄 = 𝐾𝐴𝑖 
 
Q = discharge out of aquifer (m3/day) 
K = hydraulic conductivity of aquifer (m/day) 
A = cross-sectional area of aquifer, at a right angle to groundwater flow direction (m2) 
i = hydraulic gradient 
Equation 1. Darcy equation for calculating groundwater discharge out of a given cross-sectional 
area. 
The water table gradient, i, is determined by the head loss between two points divided the distance 
between the two points (Lipták & Liu 2000, p. 63). The hydraulic conductivity, K, of an aquifer is 
highly variable, even sites that have relatively homogeneous hydraulic conductivity can have K 
values that vary by one order of magnitude or more (Heath 1983). 
 
Several studies have been able to draw conclusions about the groundwater migration rate of the 
Windang sandy aquifer via a series of slug tests (Coffey Partners International Pty. Ltd. 1996; 
Longhurst 2015) and standing water level (SWL) gradients (Doran 2002; Montgomery 2004). These 
groundwater studies have determined that a westerly flow direction is dominant in the Windang 
sandy aquifer. Longhurst (2015) found via a series of falling and rising head tests at two bore sites 
that groundwater was migrating horizontally through the aquifer at a mean rate of 0.024 m/day. 
Doran (2002) was able to determine a groundwater migration rate of 0.038-0.041 m/day in the 
Windang sandy aquifer. Longhurst (2015) hypothesised that SGD was occurring along the shoreline 
of Lake Illawarra. 
2.2.3. Groundwater recharge 
In an equilibrium system, the discharge of groundwater out of the system is driven by recharge. The 
recharge of water tables in an unconfined aquifer occurs through the infiltration of surface water 
such as rain into the water table due to gravity and soil suction (Musy & Higy 2011, pp. 174-5). 
Infiltration is dependent on the rate of inflow, which is, in turn, dependent on the properties of the 
soil (grain size, structure, porosity, compaction, vegetation cover) and the presence of any 
impermeable layers between the aquifer and the surface (Musy & Higy 2011, pp. 174-5).  
 
In the case of an unconfined aquifer, and in the case of the Windang sandy aquifer, there are no 
impermeable layers between the aquifer and the surface. However, around half of the peninsula has 
moderate to heavy dune vegetation, and the remainder is either developed or cleared grassy areas, 
such as the PKGC. All of these surface cover types impede the infiltration of surface water into the 
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groundwater table, though the sandy nature of the soil means that rainwater is still able to flow 
quite freely into the aquifer. 
2.2.4. Determining groundwater quality 
As a means of assessing groundwater quality in this study, groundwater is discussed in terms of two 
related groups of parameters; chemical concentrations, and water quality parameters. Water quality 
is highly dependent on the presence and abundance of toxic chemicals. The presence of chemicals 
such as ammonia and nitrate in high concentrations in groundwater may lead to notable effects on 
ecosystems that harbour or receive groundwater. In addition to chemical concentrations, water 
quality can be determined using certain water quality parameters. Water quality parameters may 
take the form of pH, dissolved oxygen (DO), biochemical oxygen demand (BOD), chemical oxygen 
demand (COD), oxidation-reduction potential (ORP, also termed ‘Eh’ and ‘redox potential’), salinity 
(total dissolved solids), electrical conductivity (EC), water temperature and density (World Health 
Organization 2004).  
2.3. Contaminant movement in an unconfined aquifer 
2.3.1. Background 
Globally, sewage effluent and sludge are among the biggest contributors to groundwater 
contamination relating to municipal waste. The introduction of such wastes near exposed aquifers 
can lead to higher concentrations of BOD, COD, metals and nutrients including nitrogen in 
groundwater (Lipták & Liu 2000, p. 48). Contaminant plumes can occur as point sources or as diffuse, 
non-point sources. Waste sources may either be present on the surface or be buried in shallow 
trenches as is commonly the case with sewage wastes such as nightsoil and septic effluent. In the 
case of the contamination around Windang sandy aquifer, there are multiple deposits of night soil 
and septic effluent and screenings buried in shallow trenches close to or within the dune system as 
displayed in Figure 2. Wastes are normally buried on top of an impermeable covering to stop 
seepage into the groundwater, though in the case of the Windang peninsula this has not been the 
case and contaminant has been allowed to leach into the groundwater freely.  
2.3.2. Mobilisation of contaminants from surface and flow through aquifer 
Contaminants such as ammonia (NH3), nitrate and nitrite (NOx) may be present in groundwater as a 
result of nightsoil leaching, and they are mobilised from waste by biochemical decomposition 
facilitated by microorganisms in the soil (Lipták & Liu 2000, p. 50). Contaminants may enter into the 
vadose (unsaturated) zone either directly by the infiltration of liquid contaminant at the surface, by 
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the leaching of a contaminant source as recharge percolates down the soil profile, or with 
groundwater making contact with a contaminant source (Palmer 1996, p. 30; Lipták & Liu 2000, p. 
50). A plume of contaminant will move downgradient and spread laterally through an aquifer due to 
two primary modes of transport; advection and dispersion (Palmer 1996, p. 37).   
 
Advection is the most common mode of contaminant movement through an aquifer. In advective 
flow, contaminants move with the bulk fluid movement, travelling at the same rate as the 
groundwater (Charbeneau 2000, p. 293). Dispersion is described as the spreading of contaminant 
caused by molecular diffusion in the X, Y and Z directions (Soliman 1997). The migration of 
contaminants in groundwater is primarily influenced by the direction of groundwater flow, the 
hydraulic conductivity of the aquifer, the concentration of contaminant at the source, and the 
volume of water that enters the aquifer as recharge (Palmer 1996, p. 34; Kjeldsen et al. 1998; Klinck 
& Stuart 1999; Parameswari & Mudgal 2015). Recharge has two effects on the contaminants; firstly 
recharge can dilute a contaminant already in the water table, and secondly increased recharge can 
increase the efficiency of the transfer of contaminants from the surface to the water table and 
subsequently through the groundwater system (Robins 1998). It should be noted that some 
contaminants do not make it more than a few metres into the subsurface due to the physiochemical 
properties of the contaminant and the substrate (Palmer 1996, p. 34). Recharge also has an 
influence on plume shape, with periods of high recharge giving a plume a more elongate shape than 
at times of low recharge (Palmer 1996, p. 37). 
 
In the case of the Windang sandy aquifer, there had been ongoing disposals of waste directly above 
the aquifer, and there is evidence that contaminants associated with these waste sites have 
penetrated far into the subsurface (Yassini & Robson 2005; Longhurst 2015). Council records show 
that, since the 1940s, there has been dumping of night soil, copper slag emplacements (at 
Korrongulla Swamp), coal wash fill, and septic effluent and screenings, though the precise details 
including volumes are unknown. Due to the unconfined nature of the Windang sandy aquifer and 
the relative permeability of the aquifer material, contaminants in these waste deposits have leached 
into the aquifer during rain events with little impedance. Yassini (2006) was able to determine that 
immediately after heavy rainfall events, the concentrations of contaminants in the Windang aquifer 
increase then gradually decrease over time, which may be linked to an increase in leaching at the 
contaminant source. Importantly, contaminated water is discharging from the Windang unconfined 
sandy aquifer into the adjacent Lake Illawarra (Longhurst 2015). 
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2.3.3. Tracing contaminant movement and determining sources 
Tracing contaminant movement through the groundwater is useful in both determining the location 
of contaminant sources and the subsequent management of waste (Popescu et al. 2015). Monitoring 
the movement of contaminants in an aquifer is normally done through the extraction and analysis of 
water from monitoring wells. Whilst monitoring wells are useful to gauge the presence and 
concentration of contaminants in that part of the aquifer, it is possible to obtain information about 
the shape and movement of a plume via the analysis of injected or natural tracers. An injected tracer 
can take the form of a radionuclide that will decay over time as it travels through an aquifer, and a 
natural tracer can take the form of a stable isotopic signature that occurs naturally within 
contaminants in groundwater, or the contaminant itself. Stable isotope analysis of natural tracers 
facilitates the examination of long-term aquifer characteristics such as residence times, as the 
isotopes are a part of the groundwater system itself. This is in contrast to artificial tracers which are 
injected and may follow different movement pathways through an aquifer due to the sorption of 
tracers onto the aquifer material itself, which is a common mode of failure for injected tracers (Davis 
et al. 1980; Lauber & Goldscheider 2014). 
 
Isotopic analysis of contaminant plumes can be used in differentiating between contaminant sources 
within a plume, as different waste sources may have different isotopic signatures or ‘fingerprints’ 
(Komor & Anderson 1993; Kendall 1998). It is, however, important to also note that in addition to 
initial fractionation by processes specific to different waste sources, fractionation of elements may 
occur in an aquifer by biogeochemical processes such as diffusion and ammonification (LaBolle et al. 
2008). The technique of ‘fingerprinting’ different waste sources can be achieved by identifying the 
ratio of stable isotopes of an element or several elements in a sample compared to the atmospheric 
standard, which is the naturally occurring ratio of those isotopes.  
 
As exemplified by Inácio et al. (2013), it is possible to use 15N values to differentiate between 
different sources of nitrogen, and where applicable to use 13C values to differentiate when 15N 
could not be relied upon. Su et al. (2014) determined via the use of naturally occurring radon and 
radium tracers that the discharge of nutrients associated with SGD was a significant driver of 
harmful algal blooms, which is an applicable example to the Windang aquifer and associated blooms 
in the adjacent Lake Illawarra. Yassini and Robson (2005) reported values for 15N/14N and 13C/12C 
from groundwater samples in the Windang aquifer taken from different boreholes. By comparing 
the obtained values to known 15N and 13C ratios for different waste sources, inferences about the 
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sources of nitrogen and carbon were able to be made, though the original contaminant source was 
not able to be isolated. 
 
In addition to using isotopic ratios such as 15N/14N and 13C/12C, it is also possible to identify the 
sources of pollution in groundwater based on chloride and bromide concentrations in an aquifer. 
Identification is achieved by measuring the ratio of chloride (Cl) to bromide (Br) ions (also termed 
the Cl:Br signal) by mass compared with the chloride concentration in a sample (Davis et al. 1998). 
Mullaney et al. (2009) displayed this in Figure 6 as a set binary mixing curves for different chloride 
sources, which is applicable as a reference for Cl:Br signal studies in the Windang Aquifer. 
 
 
Figure 6. Binary mixing curves representing approximate ranges for different chloride sources in 
groundwater. Adopted from Mullaney et al. (2009). 
Septic effluent has a high Cl:Br signal compared to that of street runoff and marine water, making it 
distinguishable in a groundwater system (Vengosh 1998). It is also possible to use fluoride in place of 
bromide where necessary, or as an additional analysis (Vengosh 1998). Similarly, the plotting of Eh 
and pH scatter (also known as a Pourbaix diagram) can also provide a means of explaining and 
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predicting the behaviour of contaminants in water bodies as pH and Eh fluctuate. This method may 
also be used as a means of cross-checking field results. Figure 7 displays a reference Eh/pH 
scatterplot for nitrogen (Husson 2013). 
 
Figure 7. Eh vs. pH graph used in assessing the behaviour of different chemical species with 
fluctuating Eh and pH values. Adapted from Husson (2013). 
2.3.4. Discharge of contaminants 
The discharge of contaminated groundwater into adjacent water bodies generally occurs via SGD. 
The input of nutrients via the SGD into both the ocean and neighbouring lagoons can be particularly 
significant since nutrient concentrations in SGD can be significantly higher than in the receiving 
waters (Slomp & Van Cappellen 2004; Niencheski et al. 2007; Poulsen et al. 2008). Previous studies 
suggest SGD is a significant factor in both a decline in water quality and elevating nutrient loads in 
coastal lagoon systems, in particular nitrogen. Johannes and Hearn (1985) found for a coastal lagoon 
in Perth, Western Australia, SGD was delivering water with nitrogen content up to two orders of 
magnitude higher than the receiving waters. Urquidi-Gaume et al. (2016) found for La Paz Bay, 
Mexico, that SGD accounted for between 5-20% of the primary productivity in the bay. SGD was also 
found to be the driver behind harmful algal blooms in Little Lagoon, Alaska, with natural isotope 
tracers allowing the delineation of nutrient pathways (Su et al. 2014). Groundwater infiltration is 
likely an important conveyor of nutrients into Lake Illawarra, and there have been a number of algal 
blooms in Lake Illawarra that can be tied to increased nitrogen loading (Rutten et al. 2004; Andresen 
2011).  
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2.4. Effects of nutrient loading and contamination on coastal lagoon systems 
2.4.1. Nutrient limitation 
Pinpointing the limiting nutrient in an aquatic system is important as this nutrient will often have a 
key role in determining the rate of net primary production (Howarth 1988). However, identifying the 
limiting nutrient in coastal embayments such as lagoons can be complex as different organisms have 
different limiting nutrients, and different nutrients can be limiting depending on the season 
(Howarth 1988). However, in many coastal systems either nitrogen or phosphorus will generally be 
the limiting nutrient (Howarth 1988; Taylor et al. 1995), with temperate coastal saline lagoons being 
usually nitrogen-limited, and freshwater bodies being in general phosphorus-limited (Howarth & 
Marino 2006). Excess phosphorus in estuaries can, however, affect the bioavailability of other 
nutrients such as nitrogen and silica for organisms in an aquatic system (Howarth & Marino 2006). 
Temperate coastal lagoon systems make up a significant portion of the east coast of Australia, with 
Lake Illawarra being a prime example. Algal and phytoplankton growth in Lake Illawarra is controlled 
by the amount of nitrogen available due to relatively high concentrations of phosphorus, making 
Lake Illawarra nitrogen-limited (WBM, as cited in Doran 2002; Qu 2004).  
2.4.2. Nitrogen speciation 
Nitrogen species in groundwater can take the form of nitrogen gas (N2), nitrous oxide (N2O), nitrite 
(NO2-), nitrate (NO3-) and ammonia (NH3) due to the oxidation states of nitrogen ranging from -3 to 
+5 (Lingle 2013). In anoxic waters ammonium (NH4+) exists as the dominant species of ammonia at a 
pH of 9 or less (Preul & Schroepfer 1968; Lingle 2013). The nitrogen cycle (Figure 8) controls the 
speciation of nitrogen in estuaries and it contains several processes; fixation, nitrification, 
assimilation, ammonification, dissimilatory-nitrate-reduction-to-ammonium (DNRA) and 
denitrification. It is first important to note that different bacterially-facilitated components of the 
nitrogen cycle involve specialised bacteria for each process. 
 
Ammonia is produced via fixation which is the conversion of N2 gas by nitrogen-fixing bacteria into 
ammonia products that are then available for use by plants (Bhagi & Chatwal 2010).  
N2 → NH3 
In the presence of oxygen, ammonia is converted to nitrate and nitrite via a process called 
nitrification. Nitrification involves two stages; the oxidation of ammonia to nitrite by ammonia-
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oxidising prokaryotes, followed by the oxidation of nitrite to nitrate by nitrate-oxidising bacteria 
(Yassini & Robson 2005; van der Wielen et al. 2009; Longhurst 2015).  
NH3 → NO2- → NO3- 
 
Figure 8. The nitrogen cycle, showing the cycling of different nitrogen compounds in a terrestrial 
system. Adapted from Environmental Protection Agency (2004). 
Assimilation is the process in which inorganic nitrogen such as ammonia is incorporated into plants 
and animals to create organic nitrogen products such as amino acids (Xu et al. 2012).  
NO3- → NH3 → organic nitrogen compounds 
After organic matter such as waste is broken down or decomposes, nitrogen compounds are 
converted to inorganic ammonia (NH3) and ammonium ions (NH4+) by ammonifying bacteria in a 
process called ammonification and become bioavailable (Yassini & Robson 2005; White 2006). 
Organic matter → NH3 + NH4+ 
Denitrification occurs in anaerobic, reduced conditions such as waterlogged soils where denitrifying 
bacteria break down oxidised nitrogen products to form N2 gas (Bhagi & Chatwal 2010; Longhurst 
2015). 
NO3- → NO2- → NO → N2O → N2 
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DNRA refers to the microorganism facilitated dissimilatory-nitrate-reduction-to-ammonium. It is 
similar to denitrification in that it involves the reduction of nitrate, though it is less common and 
involves direct reduction to ammonium (Lingle 2013). 
Dissolved organic carbon + NO3- → HCO3 + NH4+ 
Nitrogen speciation in the Windang sandy aquifer is relatively simple; nitrite exists below 
measurement levels for most of the aquifer, nitrate is more prevalent but within ANZECC (2000) 
guidelines, but significant quantities of ammonia far in exceedance of guidelines are present (Yassini 
& Robson 2005; Longhurst 2015). It is common for aquifers that have been contaminated by sewage 
water to display higher than normal concentrations of ammonia, particularly in aquifers such as 
Windang that are hypoxic (Norrman et al. 2015). The aquifer is also in a predominately reduced 
state, which may explain the absence of nitrate and nitrite with significant quantities of ammonia 
close by, as ammonia only exists in large quantities with reduced conditions (Longhurst 2015). An 
absence of nitrite is not uncommon, as nitrite is the least common nitrogen species found in aquifers 
due to its short half-life and role as an intermediate product of nitrification and denitrification (Hatch 
et al. 2002).  
2.4.3. Eutrophication 
Lakes that tend towards an excess of limiting nutrients are termed eutrophic. Eutrophic lakes may 
have high concentrations of algae, low transparency, and hypoxia due to increased primary organic 
production followed by subsequent decomposition that consumes oxygen (Conley et al. 2009; Ansari 
et al. 2010). Because of this, eutrophication has the tendency to reduce the population numbers and 
diversity of aquatic species in an estuary, and this can result in numerous food chain responses 
(Howarth & Marino 2006). Intermittently closed or opened lagoon systems are particularly 
vulnerable to eutrophication due to a lack of tidal or wave flushing, and irregular inputs of water 
from tributaries. Lake Illawarra is a prime example of this setting, as prior to 2007 the lake 
experienced regular eutrophication events. Evaporation had increased the concentration of limiting 
nutrients, and increasing urban development in catchment areas lead to accelerated nutrient 
loading in tributary streams that flow into the lake (O'Donnell et al. 2004). 
 
ANZECC (2000) provides guidelines on ‘trigger values’ for different chemical species in aquatic 
systems based on levels of protection required and pH (Table 1). Levels of protection relate to the 
upper allowable concentration limit for that chemical species to protect a certain percentage of 
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biological species in that system. A 95% protection level trigger value is commonly used for aquatic 
ecosystems.  
 
Table 1. Trigger values for 95% species protection in Lake Illawarra for ammonia-nitrogen between 
pH 6 and 9. Adopted from ANZECC (2000). 
 
 
Nitrate, a known stimulant for the growth of algae, is another analyte of interest in regards to 
examining eutrophication. Table 2 shows trigger values for nitrate, nitrite, total and reactive 
phosphorus which are also important for examining the potential for eutrophication. 
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Table 2. Default trigger values for different chemical species for an estuary in south-eastern 
Australia based on ANZECC (2000), Table 3.3.2. 
Analyte 
Freshwater trigger value 
(mg/L) 
Marine trigger value (mg/L) 
TN 0.35 0.12 
Nitrate 0.01 0.005 
Nitrate 0.01 0.005 
TP 0.01 0.025 
Reactive phosphorus 0.005 0.001 
 
Whilst ammonia-nitrogen has a role in nutrient loading, it can also play a part in the toxicity of 
aquatic bodies, being toxic to organisms at concentrations above 0.02 mg/L (Environmental 
Protection Agency 1977). As well, large discharges of ammonia can be toxic to aquatic species if 
nitrification does not facilitate its conversion into less toxic species such as nitrate or nitrite (Erickson 
et al. 2008). Ammonia exists in solution as unionised ammonia (NH3) and ammonium ions (NH4+), 
with unionised ammonia being more toxic to aquatic organisms than ammonium by a factor of 300 
to 400 times (Thurston et al. 1981; ANZECC 2000). Notably, the toxicity of ammonia in an aquatic 
setting is largely dependent on the pH level of the body, with increased pH levels raising the fraction 
of unionised ammonia leading to higher levels of toxicity, as seen in Figure 9 (Chipman 1934; Delos & 
Erickson 1999). Levels of unionised ammonia above recommended values for aquatic bodies can 
result in reductions in hatching and mortality among fish species (Holt & Arnold 1983; Tarazona et al. 
1987). Dissolved oxygen also plays a role in toxicity, as total ammonia-nitrogen toxicity rises with 
decreasing dissolved oxygen levels associated with eutrophication (ANZECC 2000).  
 
 
Figure 9. Fractionation of ammonia species over a range of pH values. Adopted from Delos and 
Erickson (1999).  
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2.5. Windang unconfined sandy aquifer plume 
2.5.1. Ammonia plume characteristics 
The Windang unconfined aquifer contains a contaminant plume composed predominately of 
ammonia around the southern outskirts of PKGC, having been identified by groundwater testing 
among several dozen boreholes within the peninsula. There have been several in-depth studies into 
the migration of contaminants such as nitrogen in Windang sandy aquifer.  
 
Early studies conducted by (Coffey Partners International Pty. Ltd. (1994), 1996)) involved the 
installation of new monitoring wells and initial sampling; no in-depth analysis of any plume 
characteristics was undertaken by these studies though they were useful pilot studies into 
identifying the presence of an ammonia plume. Doran (2002) built upon the Coffey reports and 
produced the first in-depth study of the Windang unconfined sandy aquifer around the southern 
edges of PKGC, particularly relating to the impact of PKGC on groundwater quality. Doran (2002) was 
able to determine that fertiliser from PKGC was not leaching nitrate into the groundwater, though 
one of the golf ponds contained high levels of ammonia and phosphorus above ANZECC (2000) 
trigger values likely due to fertiliser runoff in heavy rainfall. By using groundwater migration 
modelling software, Montgomery (2004) was able to model the rate of movement of contamination 
in groundwater from a source well to the edge of Lake Illawarra. It was found that a 1 mg/L plume 
front would travel 22 m/year, faster than other estimates which could be explained in part by the 
prevalence of hydrodynamic dispersion which would serve to accelerate the plume front. Yassini and 
Robson (2005) were able to determine that ammonia concentrations of >220 mg/L were well 
beyond ANZECC (2000) guidelines, and identified potential sources of the contaminant plume: 
 Decomposing plant material from the peninsula;  
 Decomposing plant material as a result of maintenance undertaken by PKGC;  
 Leachate from night soil/septic effluent; 
 Leakage from N-S sewer mains.  
 
Based on isotopic signatures, Yassini and Robson (2005) determined that nearby nightsoil deposits 
are the likely source of contaminant in the aquifer, though it was recommended that isotopic 
samples from deeper wells (10-15 m) are tested. Using old and recently installed boreholes around 
PKGC, Longhurst (2015) performed a study on the contaminant plume in the Windang aquifer. 
Similarly to Yassini and Robson (2005), he found ammonia levels in exceedance of ANZECC (2000) 
recommended values with concentrations of up to 73 mg/L recorded in the Windang aquifer. NOx 
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was within ANZECC (2000) limits or below the minimum concentration for measurement in his 
analyses.  
 
Advective flow is likely the primary mode of contaminant migration within the aquifer based on slug 
testing, as there is a significant westward horizontal loss of ammonia concentration (Longhurst 
2015). Concentrations of ammonia throughout the aquifer are also not homogeneous in any 
direction (Longhurst 2015). Nitrogen concentrations in groundwater can change significantly over 
small areas by chemical and biological reactions when redox conditions are favourable, with such 
behaviour being termed non-conservative attenuation (Loveless & Oldham 2009).  
2.6.  Conclusions 
The presence of ammonia in the Windang sandy aquifer is important to local management because 
elevated nutrient inputs into Lake Illawarra have previously resulted in harmful algal blooms. Lake 
Illawarra is an important commercial estuarine fishery and whilst it is relatively productive, fish 
stocks were in decline from 1984 till 2006 partially due to the occurrence of harmful algal blooms 
brought about by increased nutrient loading (Gray 2006). The completion of training walls in 2007 at 
the Lake Illawarra entrance has provided a permanent entrance which allows regular tidal flushing of 
nutrients. Whilst the SGD of ammonia into Lake Illawarra is occurring, it is unclear whether night soil 
and septic effluent are the only contributors of ammonia to the aquifer. Whilst Yassini and Robson 
(2005) and Longhurst (2015) were able to identify potential waste sources, there has not yet been a 
study into the isotopic fractionation of ammonia species within the Windang unconfined sandy 
aquifer. Identification of both the waste sources and which ones are leaching the most contaminant 
into the aquifer is important for the management of Lake Illawarra. In addition to Lake Illawarra, the 
identification of waste ‘fingerprints’ could be used at other coastal lakes and lagoons on the east 
coast of Australia in determining waste sources and managing their inputs into coastal aquifers.  
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Chapter 3. Materials and methods 
This section details the different methods that were undertaken as a means of addressing the aims 
and objectives of the study set out in Chapter 1. Key methodology included assessing well 
characteristics such as SWL, recording groundwater quality parameters, groundwater sampling, 
water level data logger retrieval, and slug testing. 
 
Groundwater sampling was undertaken over a total of seven rounds; four ‘dry’ rounds and three 
post-rainfall ‘wet’ rounds (see section 4.1.1 for dates). ‘Wet’ rounds correspond to events in which 
>25mm rainfall had fallen at the nearest weather station in the previous 48 hours, and ‘dry’ events 
when rain had not fallen in the 48 hours prior to sampling. A sample size of >5 rounds was chosen to 
monitor any natural changes in groundwater parameters over time, and the ‘wet’ events were 
sampled to gauge whether rainfall had any effect on biogeochemical parameters or contaminant 
input into the system. The study site on the Windang peninsula and the bores that were sampled are 
displayed in Figure 10. 
 
Figure 10. The extent of study site including the bores that were sampled during the study period 
and approximate location of septic tank effluent and sludge deposits. 
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3.1.  Well characteristics 
Determining the aquifer characteristics involved knowing in detail the physical properties of each 
well. At each monitoring well, a tape measure was used to determine well depth and height of the 
standpipe above ground. Before sampling or purging a manual SWL measurement was recorded, 
measured from the top of the standpipe and later corrected to AHD (Australian Height Datum or 
mean sea level). Bore screen data were sourced from Coffey Partners International Pty. Ltd. (1994) 
and Longhurst (2015). These data were used in calculating the appropriate volumes for well purging 
as well as being instrumental in determining the water table and depth characteristics of the aquifer. 
Table 3 lists the monitoring wells that were used in the primary groundwater quality sampling 
rounds and their basic characteristics. Longitude, latitude and ground elevation were measured 
using the AHD reference (AUSgeoid09) through the use of RTK GPS field equipment accurate to 0.01 
metres. Note that the WP (Windang Piezometer) bore arrays each contain three wells of differing 
depths; 4 metres, 8 metres and 12 metres. 
 
Table 3. Characteristics of the monitoring wells used in groundwater sampling. Note that depth of 
well from the surface was calculated by subtracting standpipe height from well depth. 
Name Notes 
Depth of well 
bottom from 
surface 
(m) 
Approximate 
bore screen 
length 
(m) 
Latitude Longitude 
Ground 
elevation 
above sea 
level 
(m) 
BH2 Single bore 5.87 3 34°30'44.18"S 150°52'29.04"E 1.01 
BH4 Single bore 5.83 3 34°30'54.23"S 150°52'42.27"E 2.14 
BH9 Single bore 5.41 3 34°30'43.39"S 150°52'26.98"E 1.21 
BH10 Single bore 5.55 3 34°30'42.88"S 150°52'24.87"E 1.64 
WP1 
3 bore 
array 
WP1-12: 9.80 1 34°30'50.04"S 150°52'40.89"E 1.45 
WP2 
3 bore 
array 
WP2-12: 12.40 1 34°30'59.93"S 150°52'37.63"E 1.91 
WP3 
3 bore 
array 
WP3-12: 9.54 1 34°30'58.17"S 150°52'24.50"E 1.26 
WP4 
3 bore 
array 
WP4-4: 2.74 
WP4-8: 8.00 
WP4-12: 10.9 
1 34°30'56.35"S 150°52'17.04"E 0.97 
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Prior to sampling, each bore was purged using a petrol pump by at least three well volumes every 
sample round according to sampling methodology set out by Sundaram et al. (2009) in conjunction 
with the well characteristics data presented in Table 3. Purging was performed to remove stagnant 
water in the well ensuring that groundwater which was subsequently pumped out and sampled was 
a representative sample of the local aquifer.  
3.2. Water quality parameters 
Groundwater was pumped out of each well using a petrol pump attached to a 15 m hose. A 
continuous flow of groundwater was pumped into a 9 L bucket with a YEO-KAL 615 portable water 
quality analyser reading water temperature (°C), pH, EC (μS/cm), ORP (mV), DO (ppm and % 
saturation), salinity (ppt) and water density (kg/m³). Continuous pumping ensured the bucket had 
been washed through with the sample, and measurements of these parameters were recorded 
when the YEO-KAL recorded them as being stable. The YEO-KAL unit had been calibrated with 
calibration standards at the beginning of the sample period and cross-calibrated with an additional 
YEO-KAL probe. 
3.3.  Groundwater sampling 
Following the recording of water quality parameters, groundwater samples were extracted using a 
60 mL syringe after the syringe had been thrice washed through with the sample. Sample was again 
extracted and a 25-micron glass fibre pre-filter and 0.45-micron MCE filter were attached to the end 
of the syringe. Approximately 30 mL of sample was pushed through the filters prior to sampling to 
minimise any contamination on the inside of the filters. 60 mL of sample was again extracted from 
the overflowing bucket and pumped through these filters into 60 mL sample bottles once any air 
bubbles had been removed. A typical sample round consisted of sixteen samples; two from each of 
the seven boreholes (one sample for nitrogen/phosphorus, and one sample for reactive 
phosphorus), one rotating duplicate and one method blank filled with deionised water that had gone 
through field filtration. The duplicate and blank samples were named BH28 and BH29 respectively as 
a means of concealing their identity. Table 4 shows the different sample containers that were used 
for different analytes. Samples were put on ice in a sealed container and taken to the laboratory 
(ALS, “Australian Laboratory Services”) on the day of sampling for analysis. Laboratory analyses by 
discrete analyser tested for sample concentrations of ammonia, nitrate, nitrite, total Kjeldahl 
nitrogen (TKN), total nitrogen (TN), total phosphorus (TP) and reactive phosphorus. Samples were 
also analysed for other analyte concentrations such as bromide and chloride, which were analysed 
on two sample rounds. 
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Table 4. The analyte of interest, sample container and container preservation used in groundwater 
sampling. 
Analyte of interest Sample container Preservation 
Syringe filtration 
method 
Nitrogen species, TP 60 mL Sulfur, packed on ice 
25 μm pre-filtered, 
then 0.45 μm filtered 
Reactive phosphorus 60 mL None, packed on ice 
25 μm pre-filtered, 
then 0.45 μm filtered 
Bromide, chloride 60 mL None, packed on ice 
25 μm pre-filtered, 
then 0.45 μm filtered 
 
3.4.  Aquifer characteristics: slug testing and groundwater flow 
To determine the hydraulic conductivity (K) of the aquifer a rising/falling slug test was performed 
using SWL data from HOBO U20 Water Level Logger units in bores WP1-12 and WP4-12 on 8th 
August 2016, with no rain having fallen on the peninsula in the prior 48 hours. Previous logger data 
were downloaded, the logger was then reset to record temperature and pressure at one-second 
intervals and returned to the bore. To ensure an accurate temperature reading, a 6-minute delay 
was selected for the beginning of recording (and hence the slug test) to ensure the HOBO logger 
itself equalised in temperature with the water. A slug tester unit made of PVC plastic and full of wet 
sand with a volume of 2.72 m3 was dropped into the bore after SWL for that bore had been recorded 
along with the time. After SWL had returned to its original value, the slug was rapidly pulled out. The 
HOBO unit was extracted from the bore once SWL had again returned to its initial value and the data 
were downloaded to a computer using a HOBO shuttle. The placement and removal of the slug unit 
and subsequent response of hydraulic head after each movement correspond to a falling and a rising 
head test respectively. Hydraulic conductivity (K) of the aquifer immediately surrounding each bore 
was calculated by using the Hvorslev (1951) method as displayed in Equation 2. Note that values 
were converted to m/day and m/year for practical purposes: 
𝐾 =
𝑟2 𝑙𝑛  (
𝐿
𝑟)
2𝐿𝑡0
 
Where: 
K = hydraulic conductivity (m/s) 
r = radius of bore screen (m) 
L = length of bore screen (m) 
t0 = time (t) taken for SWL to rise/fall to 37% of initial change (s) 
Equation 2. Hvorslev method for determining hydraulic conductivity. 
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In addition to the Hvorslev (1951) method, Freeze and Cherry (1979) show that if L>8R, the solution 
to the Hvorslev partial differential equation for the conditions h=H0 and t=0 for a falling head slug 
test is shown in Equation 3, and for a rising head slug test is shown in Equation 4. These half 
equations are used to calculate t0; the left-hand side of these equations is equal to 0.37 when t = t0. 
ℎ − 𝐻
𝐻0 − 𝐻
 ≈  𝑒−𝑡/𝑡0 
Where: 
h = SWL at t (m) 
H = initial SWL (m) 
H0 = SWL immediately after adding or removing slug (rising and falling head test) (m) 
t = time since slug was added or removed; corresponds with h (s) 
Equation 3. Hvorslev's partial differential equation for a falling head slug test. 
 
A similar equation is used to calculate the rising head slug test: 
𝐻 − ℎ
𝐻 − 𝐻0
 ≈  𝑒−𝑡/𝑡0 
Where: 
h = SWL at t (m) 
H = initial SWL (m) 
H0 = SWL immediately after adding or removing slug (rising and falling head test) (m) 
t = time since slug was added or removed; corresponds with h (s) 
Equation 4. Hvorslev's partial differential equation for a rising head slug test. 
 
Hydraulic conductivity values also allowed the calculation of other aquifer properties such as 
groundwater migration, which was calculated using the Darcy equation: 
𝑉 =
𝐾𝑖
𝑛
 
Where: 
V = groundwater flow velocity, or seepage velocity (m/day) 
K = hydraulic conductivity of aquifer (m/day) 
i = hydraulic gradient 
n = porosity of aquifer  
Equation 5. Darcy equation for calculating groundwater flow. 
Groundwater flow rate discharge out of the aquifer was determined using Equation 1 displayed in 
section 2.2.2. 
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3.5.  Bore water level data logging 
As a means of interpreting the impacts of both rainfall and tidal pumping from the adjacent Lake 
Illawarra on the Windang unconfined aquifer, automatic SWL logger data were collected from two 
HOBO U20 water level loggers. These sensors collect temperature and pressure data which, in 
conjunction with a manual SWL measurement from the time of last recording as a reference and 
density data, can be used to determine fluctuations in SWL in the bore over time via HOBOware Pro 
software. These data were collected from pressure sensors in position around halfway down the 
approximately 10-metre-deep bores WP1-12 and WP4-12. The HOBO data loggers were set up to 
record pressure, temperature and time every hour contained approximately 7-8 months of 
measurements (from October 2015 until 4th July 2016). SWL fluctuations were compared with tidal 
data recorded from a tidal buoy in Cudgeree Bay from the same period, located approximately 1.5 
km from the study site adjacent to Lake Illawarra entrance channel (34°31'39.5"S, 150°51'47.6"E). 
This was done as a means of approximately tidal lag, which is the difference in time between high 
and low water level in Cudgeree Bay and WP4-12. As well as determining the impact of tidal 
pumping, rainfall was compared with SWL as a means of analysing the influence of precipitation on 
the aquifer.  
3.6. Contaminant tonnage and aquifer modelling 
Plume tonnage was calculated using two methods which will be covered in detail in section 4.6.1. 
Both methods involved the determination of 2 x 2 m2 cell concentration values using IDW 
interpolation over the study site, the extent of which is displayed in Figure 10. The area was 
calculated from a base-map that is spatially referenced to GDA94 MGA zone 56. IDW rasters were 
created in ESRI ArcMap 10.2 and used mean concentration values for each borehole as point data 
for interpolation. APPENDIX I contains an example of the ArcMap model used in the creation of 
interpolated rasters and the calculation of plume tonnages. 
 
To create a visualisation of both the contaminant plume and Windang aquifer itself, ESRI ArcScene 
10.2 was utilised to create a 3D model. The model consists of 7 layers based on heights relative to 
mean sea level including three contaminant layers at differing depths, and a DEM (digital elevation 
model) displaying the approximate location of the contaminant source is shown for reference. The 
basis for presenting a layered mock-up of the contaminant plume is that each layer represents wells 
whose bore screens correspond to approximately the same depth. The thickness of each of the three 
contaminant layers is dictated by the vertical length of the bore screen; the wells included in layer 1 
have bore screens three metres thick, and the bores in layers 2 and 3 each have screens one metre 
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thick. The 3D shape of each contaminant layer is also variable on the Y-axis as each contaminant 
layer ‘floats’ on an interpolated shapefile that is based on depth values. In the same manner as the 
contaminant layers, the water table layer also ‘floats’ on its own elevation values, making the 
gradient and shape of the layer visible in 3D space, similar to a 3D projected DEM surface. More 
detailed methodology for 3D modelling is included in section 4.6.1.  
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Chapter 4. Results 
This chapter will present the results from fieldwork that was conducted in accordance with the 
methodology set out in Chapter 3. Sampling events and rainfall during the study period are 
addressed in section 4.1. Water quality measurements taken before sampling are detailed in section 
4.2, analyte concentrations obtained from these sampling events are summarised in section 4.3, and 
statistical correlations between analytes concentrations and water quality measurements are 
outlined in section 4.4. Section 4.5 details the properties of Windang aquifer identified from 
fieldwork including water table properties, groundwater flow, and discharge. Section 4.6 combines 
the results of the previous sections and engages ESRI ArcScene 10.2 in creating a 3D approximation 
of the contaminant plume. Additionally, this section estimates the properties of the contaminant 
plume and its discharge into Lake Illawarra including plume tonnages and attenuation. It should be 
noted that whilst only the 12-metre bores at WP1, WP2, WP3 and WP4 were sampled during the 
study period, their 4 and 8-metre counterparts are mentioned in this chapter and Chapter 5. 
4.1. Sampling events and rainfall 
4.1.1. Sampling events 
The dates and bores in which groundwater sampling took place are listed in Table 5. Rainfall data is 
also presented, and data was collected from the BSL Central Lab rain gauge in Port Kembla (Bureau 
of Meteorology 2016).  
 
Table 5. Sampling events undertaken during the study period. 
Round Date Bores sampled 
Wet or Dry 
event 
Rainfall in 
48 hours prior 
(mm) 
1 17th May 2016 All but BH9 Dry - 
2 2nd June 2016 All Wet 28.5 
3 7th June 2016 
All but BH2 and 
BH9 
Wet 
154 
(extreme rainfall 
event) 
4 21st June 2016 All Wet 37 
5 5th July 2016 All Dry 4.5 
6 19th July 2016 All Dry 0 
7 8th August 2016 All + WP4-12 Dry 0 
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4.1.2. Rainfall on the Windang peninsula  
According to daily rainfall charts, a total of 536 mm of rainfall was recorded at the BSL Central Lab at 
Port Kembla (approximately 4.8 km north of study site) over the course of the nearly three-month 
sampling period (Bureau of Meteorology 2016). As shown in Figure 11, the months of June and July 
(during which 5 out of the 7 of the sampling events took place) had above average rainfall totals 
compared to the mean and median rainfall totals for all years. However, May was a particularly dry 
month, with a total of 8.7 mm falling during the month. In the three-month period, there were 
eighteen rainfall days with a mean rainfall intensity of 29.8 mm/day on these days, though this 
intensity value is heavily skewed due to the influence of the extreme rainfall event occurring on 7th 
June 2016. The removal of the extreme event rainfall total in the intensity calculation yields a rainfall 
event intensity of 12.3 mm/day which is more realistic.  
 
 
Figure 11. Rainfall totals for the months of May, June, July and August in 2016 with comparisons to 
the mean and median rainfall totals for these months for all years on record. Graph sourced and 
modified from Bureau of Meteorology (2016). 
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4.1.3. Extreme rainfall event 
7th June 2016 sampling event saw substantial amounts of rainfall recorded over the four days prior 
(4/7/16 to 7/7/16) on the Windang peninsula and in the Lake Illawarra catchment area, with 314 
mm recorded at Port Kembla (Bureau of Meteorology 2016). This value shows more rain falling over 
four days than the mean rainfall value for June for all years on record; 119.4 mm (Bureau of 
Meteorology 2016). Notably, PKGC was largely flooded on this date which prevented vehicular 
access to bores BH2 and BH9. Other sections of the Windang peninsula were also flooded including 
the bores WP1 and WP3, though they were accessible. The Windang peninsula is a low-lying barrier 
and relatively flat, meaning that pooled water such as rainfall can take some time to leave the 
peninsula; thus flooding is common during heavy or prolonged rainfall events. Flooding on the 
peninsula is a representation of recharge outpacing discharge and runoff, which results in the 
aquifer water table rising to ground level or above. 
4.2. Water quality measurements 
Water quality measurements were taken before sample extraction for each borehole sampled in 
every round. Raw data including pH, ORP, DO, EC, salinity, temperature and density can be found in 
APPENDIX A. Mean ‘overall’, ‘wet’ and ‘dry’ values recorded for boreholes and the relationship 
between these means are discussed below. Note that ‘overall’ mean values are the mean of both 
wet and dry measurements, and are used to obtain a more generalised idea of the water quality 
properties of both individual bores and aquifer bounded the study site as a whole.  
4.2.1. Probe reliability and quality control 
The YEO-KAL probe used during fieldwork provided relatively consistent results compared to the 
water quality measurements from the same boreholes tested by Longhurst (2015). ORP results are 
left out for rounds 6 and 7 due to an incorrect recalibration of this instrument resulting in errors. The 
probe was placed in a bucket with groundwater continuously being pumped into the bucket and the 
probe left until parameters had stabilised before a measurement was recorded to ensure quality 
control. 
4.2.2. pH 
Over the sampling period, recorded pH in the Windang unconfined aquifer had a range of 1.83 units 
from 6.87 to 8.70. The overall mean, ‘wet’ mean and mean ‘dry’ pH for each borehole are shown in 
Table 6. With the exception of BH10, pH tends to be lower after rain events by a mean of 0.22 pH 
units, with the biggest mean wet vs. dry difference found in BH9 with a difference of 0.42 pH units.  
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Table 6. Mean, 'wet' and 'dry' pH values for each borehole for the sampling period. 
Borehole Mean overall pH Mean ‘wet’ pH Mean ‘dry’ pH 
BH2 7.60 
(s = 0.33, N = 6) 
7.45 
(s = 0.02, N = 2) 
7.67 
(s = 0.40, N = 4) 
BH4 7.13 
(s = 0.23, N = 7) 
7.00 
(s = 0.13, N = 3) 
7.24 
(s = 0.25, N = 4) 
BH9 7.43 
(s = 0.33, N = 5) 
7.18 
(s = 0.15, N = 2) 
7.60 
(s = 0.30, N = 3) 
BH10 7.34 
(s = 0.16, N = 7) 
7.36 
(s = 0.08, N = 3) 
7.32 
(s = 0.21, N = 4) 
WP1 - 12 7.64 
(s = 0.23, N = 7) 
7.50 
(s = 0.11, N = 3) 
7.75 
(s = 0.25, N = 4) 
WP2 - 12 7.61 
(s = 0.33, N = 7) 
7.49 
(s = 0.10, N = 3) 
7.70 
(s = 0.42, N = 4) 
WP3 - 12 8.30 
(s = 0.28, N = 7) 
8.13 
(s = 0.16, N = 3) 
8.42 
(s = 0.31, N = 4) 
WP4 - 12 
(single event) 
7.31 - 7.31 
Aquifer mean 7.58 
(s = 0.43, N = 46) 
7.45 
(s = 0.36, N = 19) 
7.67 
(s = 0.46, N = 27) 
 
4.2.3. Oxidation-reduction potential 
The mean overall, mean ‘wet’ and mean ‘dry’ ORP values for each borehole are shown in Table 7. 
Recorded groundwater ORP in the Windang aquifer had a range of +164 mV, from a minimum of -41 
mV to a maximum of +123 mV. The most negative value was found in borehole BH9 during a ‘dry’ 
event (5/7/16), and the most positive value was found in BH4 after a ‘wet’ event (7/6/16). ORP tends 
to be more positive during rain events by a mean of 15.6 mV, with an exception found in WP2-12 
where more negative ORP values are found following ‘wet’ events than during ‘dry’. The biggest 
mean ‘wet’ vs. ‘dry’ difference for ORP results was found in borehole BH2, with a difference of 53 
mV. It should be noted that ORP results were recorded a maximum of five times per borehole for the 
sampling period (as opposed to a maximum of seven times for other parameters). Hence, there may 
be inaccuracies present in this specific data set due to a limited number of measurements. The single 
event sampling of WP4-12 is not included in this data set due to an incorrect calibration of the ORP 
instrument on the YEO-KAL probe. 
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Table 7. Mean, 'wet' and 'dry' ORP values (mV) for each borehole for the sampling period. 
Borehole 
Mean overall ORP 
(mV) 
Mean ‘wet’ ORP 
(mV) 
Mean ‘dry’ ORP 
(mV) 
BH2 -23.3 
(s = 35, N = 4) 
+3 
(s = 6, N = 2) 
-50 
(s = 29, N = 2) 
BH4 +103 
(s = 15, N = 5) 
+109 
(s = 13, N = 3) 
+94 
(s = 18, N = 2) 
BH9 -22 
(s = 17, N = 3) 
-12 
(s = 7, N = 2) 
-41 
(s = N/A, N = 1) 
BH10 +10 
(s = 18, N = 5) 
+11 
(s = 24, N = 3) 
+8 
(s = 13, N = 2) 
WP1 - 12 +67 
(s = 13, N = 5) 
+71 
(s = 12, N = 3) 
+61 
(s = 15, N = 2) 
WP2 - 12 +29 
(s = 11, N = 5) 
+28 
(s = 16, N = 3) 
+31 
(s = 3, N = 2) 
WP3 - 12 +35 
(s = 14, N = 5) 
+35 
(s = 16, N = 3) 
+35 
(s = 16, N = 2) 
Aquifer mean 
(excluding WP4-12) 
+33 
(s = 45, N = 32) 
+39 
(s = 41, N = 19) 
+24 
(s = 50, N = 13) 
 
Of note is the fact that boreholes BH2 and BH9 exhibit largely negative ORP values, meaning that the 
groundwater in these locations is largely reducing. BH10 is located approximately 50 metres to the 
west of BH9 and is downgradient of both of the aforementioned bores and also exhibits a lower ORP 
than the remaining bores that are outside the extent of the golf course. WP1-12 is approximately in-
line (west-to-east) with BH2, BH9, and BH10 and exhibits ORP values significantly more positive than 
these bores.  
4.2.4. Salinity / Electrical conductivity 
The overall mean, ‘wet’ mean and ‘dry’ mean salinity values for each borehole are shown in Table 8. 
Interestingly, salinity was higher after ‘wet’ events than during ‘dry’ events by 0.09 parts per 
thousand (ppt) on average. Recorded salinity in the Windang aquifer had a range of 1 part per 
thousand, from a minimum of 0.51 ppt to a maximum of 1.51 ppt, not including WP4-12, with 
recorded salinity being around two orders of magnitude higher at 57.35 ppt. The lowest values were 
found in borehole WP1-12 during two events, ‘wet’ and ‘dry’ (7/6/16 and 17/5/16), and the highest 
value was found in BH10 after a ‘wet’ event (2/6/16). The biggest mean wet vs. dry difference for 
two single rounds for salinity was found in boreholes BH10 and WP3-12, with a difference of 0.28 
ppt for each. 
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Table 8. Mean, 'wet' and 'dry' salinity values (ppt) for each borehole for the sampling period. 
Borehole 
Mean overall salinity 
(ppt) 
Mean ‘wet’ salinity 
(ppt) 
Mean ‘dry’ salinity 
(ppt) 
BH2 0.83 
(s = 0.06, N = 6) 
0.86 
(s = 0.03, N = 2) 
0.82 
(s = 0.08, N = 4) 
BH4 0.72 
(s = 0.03, N = 7) 
0.75 
(s = 0.03, N = 3) 
0.70 
(s = 0.02, N = 4) 
BH9 0.91 
(s = 0.07, N = 5) 
0.90 
(s = 0.01, N = 2) 
0.92 
(s = 0.1, N = 3) 
BH10 1.21 
(s = 0.22, N = 7) 
1.37 
(s = 0.19, N = 3) 
1.09 
(s = 0.17, N = 4) 
WP1 - 12 0.52 
(s = 0.01, N = 7) 
0.52 
(s = 0.02, N = 3) 
0.52 
(s = 0.02, N = 4) 
WP2 - 12 0.81 
(s = 0.01, N = 7) 
0.82 
(s = 0.01, N = 3) 
0.81 
(s = 0.01, N = 4) 
WP3 - 12 0.79 
(s = 0.22, N = 7) 
0.95 
(s = 0.14, N = 3) 
0.67 
(s = 0.19, N = 4) 
WP4 - 12 
(single event) 
57.35 - 57.35 
Aquifer mean 
(excluding WP4-12) 
0.82 
(s = 0.2, N = 46) 
0.88 
(s = 0.27, N = 17) 
0.79 
(s = 0.20, N = 27) 
 
Whilst EC was also measured during the sampling period, it is strongly correlated with salinity 
(Pearson coefficient = 0.9946), so salinity will be the analyte of interest out of these two due to its 
relevance to this study. EC values are nonetheless reported in Table 9, though these values will not 
be discussed in any detail. 
 
Table 9. Mean, 'wet' and 'dry' EC (μS/cm) values for each borehole for the sampling period. 
Borehole Mean overall EC (μS/cm) Mean ‘wet’ EC (μS/cm) Mean ‘dry’ EC (μS/cm) 
BH2 1590 
(s = 133, N = 6) 
1650 
(s = 89, N = 2) 
1560 
(s = 152, N = 4) 
BH4 1400 
(s = 56, N = 7) 
1440 
(s = 58, N = 3) 
1370 
(s = 39, N = 4) 
BH9 1730 
(s = 136, N = 5) 
1710 
(s = 52, N = 2) 
1750 
(s = 187, N = 3) 
BH10 2290 
(s = 416, N = 7) 
2590 
(s = 379, N = 3) 
2060 
(s = 300, N = 4) 
WP1 - 12 1040 
(s = 8, N = 7) 
1040 
(s = 8, N = 3) 
1030 
(s = 4, N = 4) 
WP2 - 12 1560 
(s = 16, N = 7) 
1580 
(s = 11, N = 3) 
1550 
(s = 8, N = 4) 
WP3 - 12 1520 
(s = 404, N = 7) 
1810 
(s = 282, N = 7) 
1300 
(s = 355, N = 7) 
WP4 - 12 
(single event) 
8000 
(>EC limit of probe) 
- 8000 
(>EC limit of probe) 
Aquifer mean 
(excluding WP4-12) 
1580 
(s = 426, N = 46) 
1690 
(s = 469, N = 19) 
1510 
(s = 359, N = 27) 
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4.2.5. Dissolved oxygen 
The overall mean, ‘wet’ mean and ‘dry’ mean DO values for each borehole are shown in Table 10. 
Recorded DO in the Windang aquifer had a range of 0.83 ppm from a minimum of 0.35 ppm to a 
maximum of 1.18 ppm. The lowest individual values were found in borehole BH2 after a ‘wet’ event 
(21/6/16) and in WP3-12 after a ‘wet’ event (7/6/16) respectively. The highest values were found in 
BH10 during a ‘dry’ event (8/8/16). Dissolved oxygen does not appear to vary uniformly in regards to 
‘wet’ vs. ‘dry’ sampling events, though on average, ‘dry’ DO levels tend to be higher than ‘wet’ DO 
levels by a margin of 0.04 ppm. The biggest mean wet vs. dry difference for DO was found in BH2, 
with a difference of 0.24 ppm. BH10 displays the highest mean dissolved oxygen values and BH2 the 
lowest, though they are only 115 metres away from each other. 
 
Table 10. Mean, 'wet' and 'dry' DO oxygen (ppm) values for each borehole for the sampling period. 
Borehole 
Mean overall DO 
(ppm) 
Mean ‘wet’ DO 
(ppm) 
Mean ‘dry’ DO 
(ppm) 
BH2 0.59 
(s = 0.18, N = 6) 
0.43 
(s = 0.11, N = 2) 
0.67 
(s = 0.15, N = 4) 
BH4 0.78 
(s = 0.15, N = 6) 
0.76 
(s = 0.11, N = 2) 
0.80 
(s = 0.18, N = 4) 
BH9 0.78 
(s = 0.32, N = 5) 
0.71 
(s = 0.15, N = 2) 
0.78 
(s = 0.21, N = 3) 
BH10 0.89 
(s = 0.23, N = 7) 
0.99 
(s = 0.16, N = 3) 
0.82 
(s = 0.26, N = 4) 
WP1 - 12 0.80 
(s = 0.13, N = 6) 
0.95 
(s = 0.01, N = 2) 
0.73 
(s = 0.08, N = 4) 
WP2 - 12 0.69 
(s = 0.16, N = 7) 
0.62 
(s = 0.15, N = 3) 
0.75 
(s = 0.16, N = 4) 
WP3 - 12 0.68 
(s = 0.23, N = 7) 
0.57 
(s = 0.18, N = 3) 
0.77 
(s = 0.25, N = 4) 
WP4 - 12 
(single event) 
0.88 - 0.88 
Aquifer mean 0.74 
(s = 0.19, N = 44) 
0.72 
(s = 0.22, N = 17) 
0.76 
(s = 0.17, N = 27) 
4.2.6. Aquifer means – water quality 
The summary table (Table 11) displays mean values for all water quality parameters and is useful in 
obtaining a better idea of the overall water quality properties of the Windang unconfined aquifer. 
pH was lower on average by 0.22 pH units after ‘wet’ events compared to ‘dry’ events. ORP was on 
average higher after rainfall events by 15 mV, as was salinity by 0.09 ppt and EC by 180 (μS/cm). DO 
was also lower on average after rainfall events by 0.04 ppm. 
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Table 11. Average overall, 'wet' and 'dry' water quality parameters for the entire study site over 
the course of the study period. 
Analyte Overall Wet Dry 
pH 7.58 
(s = 0.43, N = 46) 
7.45 
(s = 0.36, N = 19) 
7.67 
(s = 0.46, N = 27) 
ORP 
(mV) 
33 
(s = 45, N = 32) 
39 
(s = 41, N = 19) 
24 
(s = 50, N = 13) 
EC 
(μS/cm) 
1583 
(s = 426, N = 46) 
1689 
(s = 469, N = 19) 
1509 
(s = 359, N = 27) 
Salinity 
(ppt) 
0.82 
(s = 0.2, N = 46) 
0.88 
(s = 0.27, N = 17) 
0.79 
(s = 0.20, N = 27) 
DO 
(ppm) 
0.74 
(s = 0.19, N = 44) 
0.72 
(s = 0.22, N = 17) 
0.76 
(s = 0.17, N = 27) 
 
4.2.7.  Extreme rainfall event water quality 
The extreme rainfall event (7th June 2016 – ‘wet’) saw some deviation from the mean water quality 
characteristics across certain boreholes and parameters, though most parameters did not see major 
differences as shown in Table 12.  
 
Table 12. Extreme rainfall event (7th June 2016) vs. mean 'wet' and 'dry' water quality parameters. 
Analyte Extreme event Wet mean Dry mean 
pH 7.40 
(s = 0.40, N = 5) 
7.45 
(s = 0.36, N = 19) 
7.67 
(s = 0.46, N = 27) 
EC 
(μS/cm) 
1750 
(s = 658, N = 5) 
1689 
(s = 469, N = 19) 
1509 
(s = 359, N = 27) 
ORP 
(mV) 
55 
(s = 47, N = 5) 
39 
(s = 41, N = 19) 
24 
(s = 50, N = 13) 
Salinity 
(ppt) 
0.90 
(s = 0.36, N = 5) 
0.88 
(s = 0.27, N = 17) 
0.79 
(s = 0.20, N = 27) 
DO 
(ppm) 
0.55 
(s = 0.24, N = 3) 
0.72 
(s = 0.22, N = 17) 
0.76 
(s = 0.17, N = 27) 
DO 
(%) 
6.1 
(s = 2.8, N = 3) 
7.9 
(s = 2.4, N = 17) 
8.2 
(s = 1.9, N = 27) 
 
Salinity increased after the extreme rainfall event, and DO values were recorded as being lower than 
the ‘wet’ and ‘dry’ means. The most notable change after the extreme rainfall event was a drop in 
pH compared to both the wet mean and overall mean which occurred in all boreholes at different 
magnitudes, as shown in Table 13. 
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Table 13. pH values for all bores sampled in the extreme weather event (7th June 2016) compared 
to wet mean and overall mean pH values. 
Borehole Extreme event pH Wet mean pH Overall mean pH 
BH4 6.87 7.24 7.32 
BH10 7.35 7.36 7.34 
WP1-12 7.37 7.50 7.64 
WP2-12 7.43 7.49 7.61 
WP3-12 7.99 8.13 8.30 
 
4.3. Nutrient concentrations 
Nutrient concentrations were determined for each borehole every sample round using a discrete 
analyser at a NATA accredited laboratory (ALS). The lower operational limits of the discrete analyser 
are presented in Table 14, meaning that analyte concentrations below this value were undetectable. 
For the purposes of analysis, undetectable values are treated as being ‘0’. Analytes of interest 
included ammonia, nitrate, nitrite, TKN, TN, reactive phosphorus and TP.  
 
Table 14. Lower concentration detection limit of the discrete analyser for each analyte. 
Analyte Lower detection limit (mg / L) 
Ammonia 0.01 
Nitrate 0.01 
Nitrite 0.01 
TKN 0.01 
TP 0.01 
Reactive phosphorus 0.01 
 
In this section, concentrations are presented in the same manner as the other water quality 
parameters are presented in section 4.2; three columns relating to overall mean, ‘wet’ event mean, 
and ‘dry’ event mean concentrations for the analyte, with each row representing a different 
borehole. As well, ‘aquifer mean’ refers to the mean concentration of the analyte throughout the 
whole aquifer, calculated by taking the mean of all values. Raw concentration data is found in 
APPENDIX A. 
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4.3.1. Quality control 
It is important to consider that the accuracy of concentration values is dependent on the quality of 
analysis. During each sampling event, a field blank using deionised water was taken in addition to a 
duplicate sample for quality control. The borehole in which the duplicate sample was extracted from 
varied between rounds (see APPENDIX B for details).  
 
The field blank produced results for ammonia that were below the detection limit for every round 
except for round 1 (17/5/16 – ‘dry’), where a concentration of 0.03 mg/L was recorded. NOx was 
recorded as being below the operational limit of the analyser for most rounds; however, round 2 
(2/6/16 – ‘wet) produced a nitrate result of 0.03 mg/L, and round 7 (8/8/16 – ‘dry’) produced a 
nitrate result of 0.02 mg/L. Notably, the frequency in which NOx was detected throughout the 
groundwater samples is similar to the frequency at which it was detected in the sample blank. 
Hence, nitrate concentrations in the groundwater samples could be explained, at least in part, by 
lightly contaminated field equipment. TN, as well as TKN, in the field blanks was only recorded in 
concentrations above the lower detection limit for round 6 (19/7/16 – ‘dry’) with a value of 0.2 mg/L 
recorded. Interestingly, TP was also present in the blank for every round except round 6 (19/7/16 - 
‘dry) in concentrations from 0.01 – 0.06 mg/L (mean = 0.038 mg/L, s = 0.016). Taking this into 
consideration, TP concentrations in this study should be treated with caution. 
 
The borehole in which the duplicate sample was taken from for each round is shown in Table 15. On 
average, the duplicate sample had an ammonia concentration 0.96% / 0.044 mg/L higher in 
magnitude than the primary sample, though a standard deviation of 2.9% / 1.2 mg/L shows that 
there were instances where the duplicate reported a lesser concentration than the blank. 
Differences in NOx were not assessable because the majority of NOx results were below the lower 
concentration detection limit of the discrete analyser. Similarly to ammonia, TN and TKN results in 
the duplicate displayed concentrations that were on average 1.6% / 1.0 mg/L higher than 
concentrations in the primary sample (s = 13% / 4.2 mg/L). TP results reported duplicate sample 
concentrations as being 18% / 0.027 mg/L lower than concentrations in the primary sample (s = 42% 
/ 0.042 mg/L). Raw duplicate vs. original quality control data can be found in APPENDIX B. 
  
J. Palma, 2016 
 
 
39 
 
Table 15. List of rounds and the corresponding borehole in which the duplicate sample, BH28, was 
extracted from. 
Round Duplicate sample borehole origin 
Round 1 BH2 
Round 2 BH4 
Round 3 BH4 
Round 4 BH10 
Round 5 WP1-12 
Round 6 WP2-12 
Round 7 WP3-12 
 
4.3.2. Ammonia 
Recorded ammonia concentrations in the Windang aquifer had a range of 101 mg/L from a minimum 
of 1.75 mg/L to a maximum of 103 mg/L. The lowest single value was found in borehole WP1-12 
during a ‘dry’ event (19/7/16), and the highest value was found in WP3-12 after a ‘wet’ event 
(2/6/16). The overall mean, ‘wet’ mean and ‘dry’ mean ammonia values for each borehole are 
shown in Table 16 Ammonia tends to be higher after rain events by a mean of 9.19 mg/L over the 
whole aquifer. The biggest mean wet vs. dry difference for ammonia was found in borehole BH10, 
with a difference of 32.0 mg/L observed. 
 
Concentrations in WP1-12 remained consistently low throughout the sampling period, and whereas 
both BH10 and WP3-12 fluctuated significantly in both ‘wet’ and ‘dry’ rounds (though BH10 
fluctuated less during ‘dry’ rounds). Of particular note is that both WP1-12 and WP4-12 have 
relatively low ammonia concentrations compared to other bores sampled.  
  
J. Palma, 2016 
 
 
40 
 
Table 16. Mean, 'wet' and 'dry' ammonia concentration values (mg/L) for each borehole for the 
sampling period.  
Borehole 
Mean overall 
ammonia 
concentration (mg/L) 
Mean ‘wet’ ammonia 
concentration (mg/L) 
Mean ‘dry’ ammonia 
concentration (mg/L) 
BH2 32.4 
(s = 7.06, N =6) 
35.8 
(s = 1.27, N = 2) 
30.6 
(s = 8.40, N = 4) 
BH4 7.20 
(s = 0.36, N = 7) 
7.21 
(s = 0.20, N = 3) 
7.19 
(s = 0.48, N = 4) 
BH9 14.9 
(s = 2.20, N = 5) 
16.1 
(s = 3.61, N = 2) 
14.1 
(s = 0.93, N = 3) 
BH10 60.1 
(s = 22.4, N = 7) 
78.4 
(s = 21.9, N = 3) 
46.4 
(s = 9.77, N = 4) 
WP1 - 12 1.93 
(s = 0.15, N = 7) 
1.91 
(s = 0.11, N = 3) 
1.94 
(s = 0.19, N = 4) 
WP2 - 12 57.9 
(s = 3.28, N = 7) 
58.8 
(s = 2.79, N = 3) 
57.3 
(s = 3.87, N = 4) 
WP3 - 12 75.6 
(s = 22.7, N = 7) 
89.2 
(s = 17.4, N = 3) 
65.5 
(s = 22.5, N = 4) 
WP4 - 12 
(single event) 
1.90 - 1.90 
Aquifer mean 36.0 
(s = 30.3, N = 47) 
42.6 
(s = 35.7, N = 19) 
32.5 
(s = 25.6, N = 28) 
 
4.3.3. Presence of NOx 
There were no instances during the sampling period that nitrite concentrations were above the 
lower detection limit (0.01 mg/L) of the analysis laboratory, so it is reasonable to suggest that there 
is little to no nitrite in the contaminant plume.  
 
Nitrate followed a similar trend with only around half (25 out of 47) of the values recorded being 
above the lower detection limit. Recorded nitrate in the study site had a range of 0.04 mg/L (from 0 
to 0.04 mg/L). The highest value was found in several boreholes (in rounds 1 and 2 – dry and wet 
respectively), and the lowest value was found in every borehole in at least one sample event. 
Notably, rounds one and two are the rounds in which nitrate was found for nearly every borehole. 
Nitrate remained undetectable for most boreholes in the remaining rounds. The overall mean, ‘wet’ 
mean and ‘dry’ mean nitrate concentrations for each borehole are shown in Table 17. Nitrate tends 
to be higher after ‘wet’ sampling events than during ‘dry’ events by around 0.007 mg/L. 
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Table 17. Mean, 'wet' and 'dry' nitrate concentrations (mg/L) values for each borehole for the 
sampling period. 
Borehole 
Mean overall nitrate 
concentration (mg/L) 
Mean ‘wet’ nitrate 
concentration (mg/L) 
Mean ‘dry’ nitrate 
concentration (mg/L) 
BH2 0.030 
(s = 0.010, N = 3) 
0.030 
(s = N/A, N = 1) 
0.030 
(s = 0.01, N = 2) 
BH4 0.033 
(s = 0.006, N = 3) 
0.030 
(s = N/A, N = 1) 
0.035 
(s = 0.007, N = 2) 
BH9 0.025 
(s = 0.001, N = 2) 
0.030 
(s = N/A, N = 1) 
0.020 
(s = N/A, N = 1) 
BH10 0.020 
(s = 0, N = 3) 
0.020 
(s = N/A, N = 1) 
0.020 
(s = 0, N = 2) 
WP1 - 12 0.030 
(s = 0.010, N = 3) 
0.040 
(s = N/A, N = 1) 
0.025 
(s = 0.007, N = 2) 
WP2 - 12 0.033 
(s = 0.006, N = 3) 
0.040 
(s = N/A, N = 1) 
0.030 
(s = 0, N = 2) 
WP3 - 12 0.030 
(s = 0.014, N = 2) 
0.04 
(s = N/A, N = 1) 
0.02 
(s = N/A, N = 1) 
WP4 - 12 
(single event) 
0.040 - 0.040 
Aquifer mean 0.030 
(s = 0.008, N = 20) 
0.033 
(s = 0.008, N = 7) 
0.027 
(s = 0.01, N = 13) 
 
4.3.4. Total nitrogen/total Kjeldahl nitrogen  
TKN represents the sum all ammonia, ammonium and organic nitrogen in the sample. TN represents 
the sum of TKN and NOx. TN concentrations follow very closely to ammonia concentrations, though 
are consistently slightly lower than ammonia concentrations due to sample digestion by the 
laboratory. Analysis results report total nitrogen as being the same as TKN, so it is probable that the 
vast majority of nitrogen in the Windang aquifer is comprised of NH3 and organic nitrogen, as NOx 
concentrations remain very low (section 4.3.3). Hence, TN will be the preferred analyte reviewed, 
though any TN results are still applicable to TKN. 
 
The overall mean, ‘wet’ mean and ‘dry’ mean TN concentrations for each borehole are shown in 
Table 18. Recorded TN in the study site had a range of 95 mg/L, from a minimum of 2 mg/L to a 
maximum of 97 mg/L. The lowest TN concentration was found in borehole WP1-12 during several 
events; 2 wet (7/6/16 and 21/6/16) and a dry event (8/8/16), and the highest value was found in 
WP3-12 after a ‘wet’ event (7/6/16). TN tends to be higher after rain events for BH2, BH9, BH10, and 
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WP3-12, and lower for the remaining bores. The biggest mean wet vs. dry difference for TN was 
found in borehole BH10, with a difference of 32.1 mg/L recorded. 
 
Table 18. Mean, 'wet' and 'dry' TN / TKN concentrations (mg/L) values for each borehole for the 
sampling period. 
Borehole 
Mean overall TN 
concentration (mg/L) 
Mean ‘wet’ TN 
concentration (mg/L) 
Mean ‘dry’ TN 
concentration (mg/L) 
BH2 32.3 
(s = 7.53, N = 6) 
36.9 
(s = 0.78, N = 2) 
30.1 
(s = 8.59, N = 4) 
BH4 7.76 
(s = 0.76, N = 7) 
7.37 
(s = 1.10, N = 3) 
8.05 
(s = 0.30, N = 4) 
BH9 15.3 
(s = 2.63, N = 5) 
16.8 
(s = 4.03, N = 2) 
14.3 
(s = 1.42, N = 3) 
BH10 60.4 
(s = 22.7, N = 7) 
78.7 
(s = 19.7, N = 3) 
46.6 
(s = 13.6, N = 4) 
WP1 - 12 2.30 
(s = 0.35, N = 7) 
2.13 
(s = 0.23, N = 3) 
2.43 
(s = 0.40, N = 4) 
WP2 - 12 57.5 
(s = 4.76, N = 7) 
55.5 
(s = 3.86, N = 3) 
59.0 
(s = 5.34, N = 4) 
WP3 - 12 73.4 
(s = 18.8, N = 7) 
87.3 
(s = 14.6, N = 3) 
63.0 
(s = 14.9, N = 4) 
WP4 - 12 
(single event) 
1.9 - 1.9 
Aquifer mean 35.8 
(s = 29.4, N = 47) 
42.1 
(s = 34.7, N = 19) 
32.6 
(s = 24.7, N = 28) 
 
4.3.5. Total phosphorus  
The overall mean, ‘wet’ mean and ‘dry’ mean TP concentrations for each borehole are shown in 
Table 19. Recorded TP in the study site had a range of 1.14 mg/L (from 0 mg/L to 1.14 mg/L). The 
highest value was found in borehole BH10 (5/7/16) during a ‘dry’ event, and the lowest value 
occurred as below the lower detection limit during a ‘dry’ sampling event on 19/7/16. TP tends to be 
lower after rain events by approximately 0.015 mg/L. The biggest mean wet vs. dry difference for TP 
was found in borehole BH4, with a difference of 0.24 mg/L recorded. Additionally, BH10 seems to be 
the only borehole in the range with a significantly higher mean TP concentration than the other 
boreholes studied. 
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It should be noted that reactive phosphorus (compounds containing a phosphate group) 
concentrations were recorded for rounds 1-4, though it was not deemed important to continue or 
report this analysis due to low concentrations of both total and reactive phosphorus being recorded. 
Reactive phosphorus yielded very similar values to TP for the rounds in which it was measured, 
suggesting that TP is primarily comprised of reactive phosphorus. 
 
Table 19. Mean, 'wet' and 'dry' TP concentrations (mg/L) values for each borehole for the sampling 
period. 
Borehole 
Mean overall TP 
concentration (mg/L) 
Mean ‘wet’ TP 
concentration (mg/L) 
Mean ‘dry’ TP 
concentration (mg/L) 
BH2 0.11 
(s = 0.04, N = 6) 
0.12 
(s = 0.02, N = 2) 
0.11 
(s = 0.05, N = 4) 
BH4 0.21 
(s = 0.40, N = 7) 
0.07 
(s = 0.06, N = 3) 
0.31 
(s = 0.53, N = 4) 
BH9 0.11 
(s = 0.03, N = 5) 
0.12 
(s = 0.01, N = 2) 
0.10 
(s = 0.04, N = 3) 
BH10 0.40 
(s = 0.46, N = 7) 
0.45 
(s = 0.49, N = 3) 
0.37 
(s = 0.52, N = 4) 
WP1 - 12 0.06 
(s = 0.01, N = 7) 
0.06 
(s = 0.01, N = 3) 
0.06 
(s = 0.01, N = 4) 
WP2 - 12 0.07 
(s = 0.01, N = 7) 
0.07 
(s = 0.01, N = 3) 
0.07 
(s = 0.01, N = 4) 
WP3 - 12 0.14 
(s = 0.03, N = 7) 
0.15 
(s = 0.02, N = 3) 
0.13 
(s = 0.03, N = 4) 
WP4 - 12 
(single event) 
0.15 - 0.15 
Aquifer mean 0.16 
(s = 0.25, N = 47) 
0.15 
(s = 0.21, N = 19) 
0.16 
(s = 0.28, N = 28) 
 
4.3.6. Aquifer means – nutrient concentrations 
In the same manner as section 4.2.6, it is useful to report mean aquifer concentrations as a way of 
obtaining a generalised idea about the aquifer. These values are derived from the mean of all values 
for the particular nutrient over the study period and represent a snapshot of the analyte 
concentrations in Windang unconfined aquifer over the course of the study period. For every analyte 
except TP, concentrations were on average higher after wet events than during dry events as shown 
in Table 20.  
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Table 20. Mean overall, 'wet' and 'dry' analyte concentrations (mg/L) for the entire study site over 
the course of the study period. 
Analyte Overall mean Wet mean Dry mean 
Ammonia 36.0 
(s = 30.3, N = 47) 
42.6 
(s = 35.7, N = 19) 
32.5 
(s = 25.6, N = 28) 
TN / TKN 35.8 
(s = 29.4, N = 47) 
42.1 
(s = 34.7, N = 19) 
32.6 
(s = 24.7, N = 28) 
Nitrite 0 0 0 
Nitrate 0.030 
(s = 0.008, N = 20) 
0.033 
(s = 0.008, N = 7) 
0.027 
(s = 0.01, N = 13) 
TP 0.16 
(s = 0.25, N = 47) 
0.15 
(s = 0.21, N = 19) 
0.16 
(s = 0.28, N = 28) 
 
4.3.7. Extreme rainfall event nutrient concentrations 
The differences between the extreme rainfall event (7/6/16) and mean ‘wet’ and ‘dry analyte 
concentrations are shown in Table 21. Notably, both ammonia and TN values after the extreme 
rainfall event were higher than the wet mean by 8.7 mg/L and 7.8 mg/L respectively. No nitrate or 
nitrite was recorded on this day of sampling. TP was recorded in lower amounts after the extreme 
rainfall event than the wet mean, with the recorded value being 0.024 mg/L lower. 
 
Table 21. Extreme rainfall vs. mean 'wet' and 'dry' analyte concentrations. 
Analyte Extreme event mean Wet mean Dry mean 
Ammonia 51.3 
(s = 44.4, N = 5) 
42.6 
(s = 35.7, N = 19) 
32.5 
(s = 25.6, N = 28) 
TN / TKN 49.9 
(s = 45.3, N = 5) 
42.1 
(s = 34.7, N = 19) 
32.6 
(s = 24.7, N = 28) 
Nitrite 0 0 0 
Nitrate 0 0.033 
(s = 0.008, N = 7) 
0.027 
(s = 0.01, N = 13) 
TP 0.126 
(s = 0.0546, N = 5) 
0.15 
(s = 0.21, N = 19) 
0.16 
(s = 0.28, N = 28) 
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4.3.8.  Bromide/chloride ion ratios 
Bromide and chloride ion concentrations were analysed for samples collected in round 6 (19/7/16 – 
‘dry’) across all boreholes. The results are presented in Table 22 with raw values found in APPENDIX 
C, round 7. Cl:Br vs. Cl concentration values for boreholes inside the study site do not show a great 
deal of variation. Including WP4-12 in the mean aquifer value heavily skews the mean aquifer value 
data point as groundwater in WP4-12 is saline; hence, groundwater in WP4-12 is of a differing origin 
to the other bores in the aquifer. These data are revisited in a binary logarithmic scatterplot in 5.2.4 
(Figure 30) underlain by a reference source (Mullaney et al. 2009) as a means of approximating the 
origin of the groundwater based on chloride origin derived by the relationship between Cl:Br and 
chloride concentration.  
 
Table 22. Bromide, chloride concentration and Cl:Br signal for all boreholes, Lake Illawarra and the 
Tasman sea. 
Location 
Bromide 
concentration 
(mg/L) 
Chloride 
concentration 
(mg/L) 
Cl:Br signal 
BH2 0.546 244 447 
BH4 0.496 178 359 
BH9 0.438 218 498 
BH10 0.730 257 352 
WP1 - 12 0.376 142 378 
WP2 - 12 0.410 118 288 
WP3 - 12 0.316 138 437 
WP4 - 12 104 33200 319 
Aquifer mean 
(excluding WP4 - 12) 
0.473 185 394 
Lake Illawarra 67.5 22000 326 
Tasman Sea 71.5 23200 324 
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4.4. Statistical correlations 
By inputting all borehole concentration and water quality data into a statistics package (JMP Pro 11), 
relationships between variables, as well as the strength and direction of these correlations, could be 
statistically determined using the Pearson product-moment correlation. Note the Pearson 
correlation value ranges from -1 to 1, with a value at either side of this spectrum implying a strong 
negative or positive correlation; values near the middle imply a weak correlation. Table 23 displays 
the relationships that were determined using the Pearson correlation sorted by strength from 
strongest to weakest, with a cut-off value of ρ = 0.30 being judged as appropriate for this study. 
Relationships with Pearson coefficient values below 0.50 are considered to be weak relationships for 
this study; with values below this having the potential to be affected by floating variables. R2 values 
are also reported in this table, representing the portion of the variance in each variable that can be 
accounted for by changes in the other variable. 
 
Note that the single WP4-12 sample event was not included due to the fact groundwater in this bore 
is saline, compared to the rest of the aquifer which is fresh to brackish; WP4-12 acts as an outlier 
and had it been included, the correlations drawn may not have been appropriate for other parts of 
the aquifer. APPENDIX D shows the distributions of analytes included in the analysis; several analytes 
are observed to have a non-normal distribution, so Spearman’s coefficient is included in Table 23 in 
analysing the significance of these relationships as it is a non-parametric correlation test. 
 
Table 23. Statistical correlations between analytes and water quality parameters using all 
sampling event data except WP4-12, arranged by strength.  
Relationship 
Strength 
(Pearson’s 
coefficient ρ) 
R2 
Correlation 
 
Pairwise 
significance 
(α = 0.05) 
Prob>|ρ| 
(Spearman’s 
coefficient) 
N 
Salinity & 
ammonia 
0.63 0.39 Positive <0.0001 <0.0001 46 
Ammonia & 
density 
0.45 0.20 Positive 0.0017 0.0002 46 
Salinity & 
ORP 
0.43 0.18 Negative 0.0148 <0.0001 32 
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Ammonia & 
pH 
0.41 0.17 Positive 0.049 0.0320 46 
Density & 
salinity 
0.40 0.16 Positive 0.0055 <0.0001 46 
DO & pH 0.36 0.13 Negative 0.0171 0.0065 44 
Salinity & 
TP 
0.33 0.11 Positive 0.0259 0.0001 46 
 
In this section, relationships between salinity and other analytes are also true for EC and that 
analyte. The strongest relationship between analytes is found between ammonia and salinity, which 
could be considered a moderate correlation. This is followed by ammonia and density which has a 
comparatively weak correlation. Salinity and ORP have a negative correlation of similar strength and 
a significance value that is just under the ‘α’ value of 0.05. Ammonia and pH have a positive 
correlation with a Pearson coefficient value of 0.41. Salinity and density have a positive relationship 
similar in strength to ammonia and pH, with a value of 0.40. DO and pH have a negative, weak 
correlation of 0.36, and salinity has a correlation with TP of 0.33, which is the weakest correlation of 
this data set above the Pearson coefficient cut-off value of 0.30.  
4.5. Windang unconfined sandy aquifer hydraulic parameters and 
groundwater flow 
4.5.1. Water table gradients 
Intrinsically related to groundwater flow is the water table slope or gradient. By using SWL 
measurements taken before sample extraction, water table cross-sections were created using mean 
values for wet and dry sampling events along two transects. A map view of both transects is seen in 
Figure 12, and these transect lines were chosen due to their east-to-west orientation which is the 
assumed direction of groundwater flow based on previous studies (Doran 2002; Montgomery 2004; 
Longhurst 2015). These cross-sections are displayed using SWL values from two transects; the 
northern transect (Figure 13) extending from WP1-12 through BH2, BH9 and ending at BH10, and 
the southern transect (Figure 14) extending from WP2-12 through WP3-12 and ending at WP4-12.  
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The northern transect shows that SWL in BH9, which is downgradient of BH2, is on average higher 
than that of BH2, and this is accentuated in the mean ‘dry’ SWL map. It appears that water table may 
follow surface elevations, though BH10 is downgradient of BH9 and at a higher elevation but has an 
even lower mean SWL than BH9. The southern transect shows a slightly steeper water table, 
probably due to the inclusion of WP4-12 which is closer to the edge of the lake than BH10 in transect 
1. Water table smoothing, which is where the differences between hydraulic head in certain points 
are buffered, is apparent in these SWL maps following rainfall events. However, smoothing is less 
apparent in the southern transect. As well, after rainfall events, the water table is on average less 
steep than during periods of dry weather.  
 
 
Figure 12. Map view of the northern and southern transects used in the creation of SWL cross-
sections in the Windang unconfined sandy aquifer. 
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Figure 13. Mean west-to-east ‘wet’ and ‘dry’ water table cross-sections for northern transect from 
BH10 on the left to WP1-12 on the right. 
 
Figure 14. Mean west-to-east ‘wet’ and ‘dry’ water table cross-sections for southern transect from 
WP4-12 on the left to WP2-12 on the right. Note that a mean ‘wet’ SWL value for WP4-12 was not 
available, so the ‘dry’ value was used instead.  
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To further interpret these manual SWL measurements, contour maps were created for ‘overall’ 
(Figure 15), ‘wet’ and ‘dry’ (Figure 16). These maps represent the slope of the water table in the 
study area, showing that the ‘dry’ water table has a steeper slope than after the ‘wet’ events. It 
should be noted that the contours and hence segmentations on these maps are partly influenced by 
the spatial arrangement of the data points used in their creation. Whilst this map is likely accurate in 
that it displays the approximate direction, a more realistic map of water table contours could be 
made with more regularly spaced bores as this would result in a better interpolation. These maps 
and cross-sections illustrate that groundwater flow direction is approximately west-to-north-
westward towards Lake Illawarra. 
 
 
Figure 15. 'Overall' water table contour map created using kriging interpolation and SWL values.
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Figure 16. 'Wet' (left) and 'dry' (right) water-table contour maps created using kriging interpolation of mean SWL values. 
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Water table gradients for the northern and southern transects are displayed in Table 24. Water table 
gradients in the Windang aquifer are very gentle, probably due to the relatively low relief found in 
the local surface topography and the small catchment area for this aquifer.  
 
Table 24. Water table gradients in the Windang unconfined sandy aquifer obtained from mean 
SWL measurements. 
Transect line 
Transect 
length 
(metres) 
Mean water 
table gradient 
(% slope) 
Mean ‘wet’ water 
table gradient 
(% slope) 
Mean ‘dry’ water 
table gradient 
(% slope) 
WP1-12 to BH10 
(northern transect) 
456.1 0.1129 0.0818 0.1362 
WP2-12 to WP3-12 
(southern transect 
portion) 
638.7 0.1126 0.1108 0.1139 
Aquifer mean - 0.1127 0.0963 0.1251 
 
4.5.2. Slug testing: groundwater flow and discharge 
To obtain an idea of the hydraulic properties of the Windang unconfined sandy aquifer, including the 
determination of hydraulic conductivity and groundwater flow rate (Darcy velocity), slug testing was 
performed on 8th August 2016 (‘dry’ event) at boreholes WP1-12 and WP4-12. One slug test was 
performed in WP4-12, and two slug tests were performed in WP1-12 (with around 15 minutes in 
between tests). Localised hydraulic conductivity values are displayed in Table 25 and derived using 
the Hvorslev (1951) method. Raw data used in this calculation including linear equations are 
displayed in APPENDIX E and APPENDIX F. 
 
From these hydraulic conductivity values, approximate Darcy velocities were calculated using 
Equation 5 and are displayed in Table 26. Note that K values are the mean of both rising and falling 
head conductivities and assume homogenous aquifer conductivity along the gradient from WP1-12 
to WP4-12. Darcy velocities can also be considered as groundwater seepage velocities. 
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Table 25. Localised hydraulic conductivities for WP1-12 and WP4-12 derived from the Hvorslev 
(1951) method using SWL fluctuations obtained from HOBO data logger. 
Borehole 
Falling head test K 
value (m/day) 
Rising head test K 
value 
(m/day) 
Mean K value 
(m/day) 
WP1-12 4.02 5.60 4.81 
WP4-12 – slug test 1 6.50 4.92 5.71 
WP4-12 – slug test 2 6.41 4.88 5.64 
Aquifer mean 5.64 5.13 
5.39 
(s = 0.97, n = 6) 
 
Table 26. Groundwater flow velocity as determined by the Darcy equation. 
Location 
Darcy flow velocity 
(m/day) 
Darcy flow velocity 
(m/year) 
WP1-12 0.0165 6.00 
WP4-12 0.0194 7.08 
Aquifer mean 0.018 6.72 
 
Groundwater flow velocities vary with position and depth in the aquifer which is related to differing 
local hydraulic conductivity K values (Figure 17), higher groundwater flow velocities at depth being 
found close to Lake Illawarra at WP4-12. Discharge was able to be calculated using these Darcy flow 
velocities in conjunction with the mean K value for the aquifer, gradient (non-percentage) and cross-
sectional area over which discharge is taking place. Cross-sectional area is equal to the shoreline 
length (475 m) multiplied by the aquifer thickness at the shoreline, assumed to be approximately 11 
metres based on data from Longhurst (2015) and Brent Peterson (pers. comm. 2016). Steady-flow 
discharge was calculated to be 0.0318 megalitres/day, or 11.6 megalitres/year using the Darcy 
discharge formula (Equation 1). Using methodology established in Montgomery (2004), 67 L/day per 
metre of shoreline is discharged from the Windang unconfined sandy aquifer into Lake Illawarra. 
Roper et al. (2011) reported that Lake Illawarra holds a volume of approximately 74 275 megalitres, 
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meaning that, in a single day, steady-flow discharge from Windang unconfined aquifer represents a 
minor portion of water in Lake Illawarra. APPENDIX G presents parameters used in the calculation of 
Darcy velocities and discharge. 
 
 
Figure 17. Map view of mean groundwater Darcy flow velocities across the study site in the 
Windang unconfined sandy aquifer. 
The discharge of groundwater from the Windang unconfined sandy aquifer into Lake Illawarra occurs 
at a steady rate during dry periods via steady-state flow, though during and after rainfall events a 
‘pulse’ of groundwater into Lake Illawarra should theoretically occur due to recharge at the surface 
of the aquifer. The amount of discharge brought about by rainfall can be approximated by averaging 
the differences between ‘wet mean’ and ‘dry mean’ SWL for all boreholes and performing a simple 
volume calculation. On average, there is a difference in the aquifer hydraulic head of 14.4 cm 
between wet and dry events. Taking porosity into account, approximately 11.8 megalitres of water 
were discharged during and in the days succeeding a typical rain event exceeding 25 mm of rainfall 
during the study period, based on the area of the study site. It should be noted, however, that 
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without thorough hydrological modelling of the aquifer, this pulsatile discharge calculation is a 
rough, non-conservative approximation and should be treated as uncertain. 
4.5.3. Standing water level fluctuations 
To determine the influence of tidal pumping on SWL in the aquifer, data was collected from HOBO 
U20 data loggers in WP4-12 and WP1-12 on 4th July 2016 and correlated with a continuous tide 
gauge located in nearby Cudgeree Bay (Figure 18). Figure 19 displays water level data (metres – 
AHD) from WP4-12 in comparison with water level data from the nearby Cudgeree Bay tidal buoy. 
SWL fluctuations in WP4-12 brought about by tidal pumping are typically in the range of 3-5 mm 
(increasing to approximately 10 mm during spring tides). Tidal fluctuations recorded in Cudgeree Bay 
are typically around 20 cm, depending on the predicted tidal range for that cycle. Statistics 
generated by the JMP Pro 11 statistics package using a two-tailed bivariate correlation shows that 
there is a relatively strong, statistically significant positive correlation between SWL in Cudgeree Bay 
and WP4-12, with Cudgeree Bay being the independent variable. The Pearson product-moment 
correlation coefficient yielded a value of 0.76, and a two-tailed significance value of <0.0001 (N = 
12292). The tidal lag between Cudgeree Bay and WP4-12 was calculated to be 1 hour by averaging 
the time difference between high water level in the bay and the well (n = 36) during periods of no 
rainfall. Notably, there is a distance of approximately 1.5 km between Cudgeree Bay tidal bore and 
WP4-12. A harmonic analysis and cross-correlation would present a more detailed phase difference 
between Cudgeree Bay and WP4-12 though this is beyond the scope of this thesis.  
 
Water level data (in metres above sea level) from WP1-12 in comparison with SWL data from the 
nearby Cudgeree Bay tidal buoy is displayed in Figure 20. Statistical analysis of these data suggests 
that there is no statistically significant correlation between Cudgeree Bay and WP1-12 SWL. A 
bivariate correlation yielded a Pearson correlation value of 0.0095, and a two-tailed significance 
value of 0.30 (N = 11719), which is in exceedance of the significance threshold of 0.01. It is pertinent 
to note that WP1-12 is located in the middle of the peninsula, approximately the same distance (1.1 
km) from the lake to its west as it is from the ocean to its east. A lack of significant correlation 
suggests that the influence of tidal pumping on the water table attenuates with distance from the 
lake’s edge. 
 
In order to approximate attenuation of tidal pumping, a data logger was placed down WP3-8 
(approximately 220 metres from the lake’s edge) and left to record SWL fluctuations from 8/8/16 
until 10/9/16. SWL fluctuations in WP3-8 in that period as well as tidal data from Cudgeree Bay in 
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the same period are displayed in Figure 21. It was found that there is a weak yet statistically 
significant, negative correlation between WP3-8 and Cudgeree Bay SWL, with Pearson correlation 
strength of 0.26. Hence, SWL in WP3-8 decreases with an increase in Cudgeree Bay SWL.  
 
 
Figure 18. Location of Cudgeree Bay tide gauge in relation to data logger bore holes WP1-12, WP3-
8 and WP4-12. 
Whilst tidal fluctuations in Cudgeree Bay are represented in WP4-12, these fluctuations are much 
lower in magnitude compared to SWL fluctuations in WP1-12 brought about by rainfall, which is in 
the range of 50 mm. It was found that there is a statistically significant, though weak correlation 
between SWL in WP1-12 and hourly rainfall data from Wollongong Waste Treatment Plant. A 
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bivariate correlation between these two variables yielded a Pearson correlation of 0.24, with a 
significance value of <0.0001. Though a correlation is found between rainfall and bore SWL 
(particularly after instances of heavy rainfall) it is not always the case that rainfall results in SWL 
increases; Figure 22 shows that there are several instances recorded where approximately 25 mm of 
rain has fallen in the past 48 hours and there is no response in WP1-12 SWL. Furthering this, SWL in 
WP1-12 fluctuates with similar magnitude in periods of no rain. 
 
The extreme rainfall event (7th June 2016) led to an increase in SWL in Cudgeree Bay by 
approximately 1.3 metres. Both WP1-12 and WP4-12 underwent large increases in SWL on this date, 
with rainfall explaining the increase in WP1-12, and a combination of tidal pumping and rainfall likely 
explaining the increase in WP4-12. The increase in Cudgeree Bay SWL during this event is likely 
predominately due to increased river and tributary input, as well as tidal action, with tidal 
fluctuations represented by minor fluctuations in the reading. It is probable that the highest readings 
recorded in Cudgeree Bay over this period correspond to the superposition of high tide and high 
recharge input in Lake Illawarra. Full statistical output for these SWL correlations including bivariate 
scatterplots for correlations between Cudgeree Bay and WP1-12, WP3-8, and WP4-12, and the 
relationship between WP1-12 and rainfall, is available in APPENDIX H. 
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Figure 19. SWL recorded from WP4-12 data logger and Cudgeree Bay tidal buoy from 22/10/2015 – 4/7/2016. 
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Figure 20. SWL recorded from WP1-12 data logger and Cudgeree Bay tidal buoy from 7/10/2015 – 7/6/2016.  
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Figure 21. SWL recorded from WP3-8 data logger and Cudgeree Bay tidal buoy from 8/8/2016 - 10/9/2016.  
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Figure 22. SWL recorded from WP1-12 data logger and hourly Wollongong Water Treatment Plant rainfall totals from 1/1/2016 - 7/6/2016.
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4.6. Contaminant plume characteristics 
4.6.1. Plume tonnages and 3D modelling 
Using interpolation with the Inverse Distance Weighted (IDW) method (Li & Heap 2008), rasters 
were created using point concentration data from boreholes for different analytes over the study 
period. Two methods were used to calculate tonnage using slightly different methodology. The first 
method, named the ‘flat-lay’ method, does not account for depth and treats contaminant 
concentrations as being the same throughout the vertical extent of the aquifer. The second method, 
named the ‘layered’ method, is based off vertically sectioning the aquifer into three layers with 
differing thicknesses and differing interpolated concentration rasters for each layer, then combining 
the individual layer tonnages together to find an overall tonnage for the aquifer in the study site. 
Note that the layered method was only used to calculate an ammonia tonnage due to ammonia 
being the analyte of interest for this study; the ‘layered’ method was more complex and time-
consuming than the ‘flat-lay’ method. Using two different methods was based on the prediction that 
the ‘layered’ method would produce a more accurate tonnage due to it accounting for concentration 
heterogeneity with depth. The ArcMap model used in the creation of interpolated rasters for both 
methods is displayed in APPENDIX I.  
Flat-lay 
A tonnage was calculated based ‘overall’, ‘wet’ and ‘dry’ concentration data for each analyte, with 
‘overall’ being the mean concentration over ‘wet’ and ‘dry’ events. The ‘flat-lay’ method involved 
the interpolation of concentration point data which led to the creation of attribute tables that 
contained an interpolated concentration value for 2 x 2 metre (4 m2) cells across the study site, with 
64 104 cells per map. These raster interpolations were converted to point shapefiles and 
subsequently exported into Excel tables to allow approximate tonnage calculations to be made 
based on known data, and assumed data such as a constant plume thickness (5 metres) and 
homogeneous porosity, both vertically and horizontally through the aquifer. A plume thickness of 5 
metres was estimated of the mean plume thickness based on analysing past concentration data 
(Yassini & Robson 2005; Longhurst 2015) as well as concentration data from this study. Approximate 
tonnage values for each analyte in the study site extent of Windang unconfined aquifer derived 
using this method are shown in Table 27.  
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Table 27. Overall, 'wet' and 'dry' tonnage values (tonnes) for different analytes in the Windang 
unconfined sandy aquifer study site calculated using the ‘flat-lay’ method. 
Analyte Overall tonnage Wet tonnage Dry tonnage 
Ammonia 16.7 18.7 12.4 
Nitrate 
0.0266 
(26.6 kg) 
0.0135 
(13.5 kg) 
0.0113 
(11.3 kg) 
TN 13.8 18.5 12.3 
TP 
0.0621 
(62.1 kg) 
0.0611 
(61.1 kg) 
0.0635 
(63.5 kg) 
 
Whilst these interpolated maps are a good indication of plume characteristics in the absence of 
proper plume modelling software, they may not be realistic due to several reasons: 
 The interpolated rasters appear to treat point concentration data as if each point is a 
contaminant source, where realistically the contaminant source is south-east of the study 
site by approximately 100 metres as shown in Figure 10; 
 This method presents the plume in two-dimensions which is unrealistic, and assumes 
concentrations do not fluctuate with depth; 
 The IDW interpolation cannot account for flow direction in the aquifer which would 
account for the advective flow of the plume in the direction of the groundwater flow; 
 The model assumes that the plume is of a constant thickness (5 m) whereas the plume is 
presumably variable in thickness; 
 Biogeochemical processes, which may cause both local and wide-scale differentiation in 
contaminant concentrations due to attenuation as well as play a minor part in plume 
movement, are not represented in the model. 
Layered 
The ‘layered’ method involved creating three interpolated concentration rasters that represent the 
plume at three different depths, based on the well depths of different bores. A point shapefile was 
created from each of these rasters, resulting in a table with an interpolated concentration value for 
each 4 m2 cell in that layer, in the same manner as the ‘flat-lay’ method. From there, a tonnage value 
was calculated using the assigned layer thickness, which depended on the thickness of the bore 
screen length of the wells that correspond to that depth. The tonnage values calculated for ‘overall’ 
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ammonia for each contaminant layer, as well as the summation of these layers which represents the 
total tonnage of the ammonia plume in the aquifer bounded by the study site, are shown in Table 
28. 
Table 28. ‘Overall’ ammonia tonnage (tonnes) for each contaminant layer in the Windang 
unconfined sandy aquifer using the ‘layered’ method. 
Layer 
Ammonia tonnage 
(tonnes) 
Layer thickness 
(metres) 
Depth to top of layer 
(metres below sea 
level) 
Contaminant layer 1 6.68 3 8 
Contaminant layer 2 3.55 1 10 
Contaminant layer 3 2.08 1 9.3 – 11.5 
Sum of contaminant 
layer tonnages 
12.31 5 - 
 
It was found that the ‘flat-lay’ method calculates a tonnage that is less conservative than the 
‘layered’ model, reporting an overall ammonia tonnage that is 4.4 tonnes higher (35%) in magnitude. 
Whilst this is within one order of magnitude difference, for practical purposes such as calculating a 
time-till-depletion value for the contaminant plume it is still a significant difference. It should be 
noted that this method still harbours potential inaccuracies due to the nature of the interpolation 
with limited data points (contaminant layers 2 and 3 consisting of interpolation maps made only 
from 2 data points each at opposite sides of the site). However, this method also provides a useful 
insight into determining the potential accuracy of the ‘flat-lay’, as well as into the influence of the 3D 
nature of the plume in calculating a tonnage. These tonnage values should be taken as approximate 
values and only used as rough estimates of real plume tonnages. More complex modelling software, 
such as MODFLOW, would allow more accurate tonnage calculations to be made as groundwater 
movement and biogeochemical processes may be able to be accounted for. 
 
A 3D model was created using ESRI ArcScene that utilised interpolated concentration maps from the 
‘layered’ method to represent the plume at three different depths in 3 dimensions. Information 
about the seven different layers that make up the ArcScene ‘overall’ ammonia model is shown in 
Table 29, and a layout of the individual layers is shown in Figure 23. Vertical exaggeration was 
applied to the scene to emphasise the differences between layers (the exaggeration is more 
apparent with topography DEM); though the entire scene is only 15 metres on the Y-axis in reality. 
An exaggeration of 30 was chosen, meaning that ArcScene Z-units (one Z-unit = one metre) are 
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multiplied by 30. The resulting model is shown in two rotations; Figure 24 and Figure 25. Each 
contaminant layer is a different thickness depending on the length of the bore screens of the bores 
used in the interpolation of that layer. Thickness layers are displayed in Figure 26 and Figure 27; lack 
of functionality in extruding rasters vertically necessitates the demonstration of differing layer 
thicknesses on different figures. Whilst the model harboured inaccuracy that was largely a result of 
interpolation of a small subset of data points and the thickness of each layer, it proves useful in 
visualising the approximate shape and characteristic of the ammonia plume.  
 
Using the same method to create a 3D model of salinity (Figure 28), it was able to be determined 
that the driver of the ammonia plume moving upward is because it is moving over a salt wedge 
infiltrating from Lake Illawarra along the western edge at the bottom of the aquifer. Saline water has 
a much higher density than groundwater contaminated with ammonia, so there is density-
dependent separation occurring. 
 
Table 29. Layers used in the creation of 'overall' ammonia ArcScene model. 
Layer 
Layer thickness 
(metres) 
Metres to top of 
layer 
(relative to sea level) 
Notes 
Study site DEM  - 0.245 to 3.62 1 m2 resolution 
Mean water table - 0.39 to 1.22 
Interpolated raster 
created from manual 
SWL measurements 
Mean sea level - 0 
Reference layer used 
to accurately position 
other layers in space 
Contaminant layer 1 3 - 4 
BH2, BH4, BH9, BH10 
represented in this 
layer 
Contaminant layer 2 1 - 8 
WP1-12, WP3-12 
represented in this 
layer 
Contaminant layer 3 1 - 10 
WP2-12, WP4-12 
represented in this 
layer 
Bedrock elevations - -9.29 to -11.5 
Combination of 
known depths and 
mean depths 
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Figure 23. Layout view of layers that make up the Windang unconfined sandy aquifer ArcScene 
ammonia plume model.
J. Palma, 2016 
 
 
67 
 
 
Figure 24. ArcScene model of layered ammonia plume in Windang unconfined sandy aquifer area bounded by study site. The bottom four layers were 
created using interpolation rasters at different depths based on bore data corresponding to that depth. The mean water table raster was created from 
SWL measurements during the study period, and mean sea level is assumed to be at 0 metres. The study site and contaminant DEMs have a resolution 
of 1 m2. Note that an ArcScene vertical exaggeration of ‘30’ is applied to the scene to emphasise the vertical space between layers. 
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Figure 25. Rotated view of ArcScene model of layered ammonia plume in Windang unconfined sandy aquifer with the area bounded by study site. The 
bottom four layers were created using interpolation rasters at different depths based on bore data corresponding to that depth. The mean water table 
raster was created from SWL measurements during the study period, and mean sea level is assumed to be at 0 metres. The study site and contaminant 
DEM have a resolution of 1 m2. Note that an ArcScene vertical exaggeration of ‘30’ is applied to the scene to emphasise vertical space between layers. 
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Figure 26. ArcScene model showing the different thicknesses of contaminant layers in the 3D ammonia plume model of the Windang unconfined sandy 
aquifer. The first contaminant layer is 3 metres thick, and contaminant layers 2 and 3 are 1 metre thick. Thicknesses correspond to the bore screen 
depths of the bores used for the creation of each layer. Again, an ArcScene vertical exaggeration of ‘30’ is applied to the scene to emphasise the vertical 
space between layers. 
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Figure 27. A rotated view of ArcScene model showing the different thicknesses of contaminant layers of the 3D ammonia plume model in the Windang 
unconfined sandy aquifer. The first contaminant layer is 3 metres thick, and contaminant layers 2 and 3 are 1 metre thick. Thicknesses correspond to the 
bore screen depths of the bores used for the creation of each layer. Again, an ArcScene vertical exaggeration of ‘30’ is applied to the scene to emphasise 
the vertical space between layers. 
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Figure 28. 3D ArcScene model of salinity in Windang unconfined sandy aquifer bounded by study site, showing a salt wedge at approximately 10-11 
metres depth below sea level. The three salinity layers were created using interpolation rasters at different depths based on salinity data corresponding 
to that depth. The mean water table layer was created from SWL measurements during the study period, and the mean sea level is assumed to be at 0 
metres. The study site DEM has a resolution of 1 m2, and the ‘bedrock elevations’ layer was made using assumed and known bedrock data. Note that an 
ArcScene vertical exaggeration of ‘30’ is applied to the scene to emphasise the vertical space between layers. 
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4.6.2. Contaminant discharge and plume attenuation rates 
Steady-flow discharge into Lake Illawarra was calculated in section 4.5.2 as approximately 0.0318 
megalitres/day. Using the average ammonia concentration in one litre for the aquifer, this means 
that 1.14 kg of ammonia is discharged into the lake per day due to steady-flow over the study site 
shoreline, and 416 kg is being discharged per year, assuming the average plume concentration is 
realistic. It should be considered that this may be a non-conservative estimate due to the fact that 
the plume is not discharging into Lake Illawarra over the full extent of the shoreline cross-sectional 
area that the study site encompasses. This assumption is based on the lack of high ammonia 
concentration in WP4-12, and high concentrations in BH10 showing that the plume is likely 
discharging in the northern section of the study site. Taking into account the plume discharge rate 
and the calculated plume tonnages, it is possible to approximate the amount of time it may take for 
the ammonia plume to be depleted in years. Time-till-depletion was approximated for both the ‘flat-
lay’ and ‘layered’ tonnage values; 40.1 years and 29.5 years, respectively.  
 
Rates of contaminant discharge into Lake Illawarra were likely higher based on data from Yassini and 
Robson (2005) which shows mean ammonia plume concentrations of >100 mg/L in certain 
boreholes. Without knowing the original volume of nightsoil and sewage effluent dumped in the 
dunes of Windang, it is difficult to determine approximately how much more ammonia is likely to 
seep into Lake Illawarra. However, based on the mean attenuation rate over time it is possible to 
estimate when the plume may reach a mean concentration that is within ANZECC (2000) guidelines. 
The attenuation rate in BH10 between the conclusion of the study by Yassini and Robson (2005) the 
commencement of the study by Longhurst (2015) were calculated to be 0.0135 mg/day, and the rate 
between the conclusion of the Longhurst (2015) study and the commencement of this study was 
calculated as being 0.0340 mg/day. Attenuation rates in BH2 and BH10 fall between these values, 
meaning that on average, attenuation rates range between 0.0134 and 0.0340 mg/day for the 
aquifer. Taking into account the mean ammonia concentration for this study (36.0 mg/L) and the 
more conservative attenuate rate (0.0134 mg/L), it will take a minimum of 7.4 years for the plume to 
have attenuated to the ANZECC trigger level of 0.0147 mg/L for ammonia in a freshwater system 
(using the mean aquifer pH of 7.58), and 7.36 years for the plume to be fully depleted. In two years, 
the mean ammonia concentration within the study site will be 26.2 mg/L based on this attenuation 
rate, and in five years the mean concentration value may have decreased to 11.5 mg/L. It should be 
noted that these time-till-depletion values should only be used as approximates; they do not 
account for changes in plume concentrations brought about by rainfall events, including the leaching 
of additional contaminant, and they assume that contaminant has completely leached from the 
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deposit. The sampling of additional or fewer bores in future as well as sampling bores outside of this 
sampling site (thereby increasing the study area) to calculate an overall ammonia concentration for 
the study site may result in the calculation of significantly different attenuation rates. 
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Chapter 5. Discussion 
The predominant aim of this project was to conduct a thorough study of the Windang unconfined 
sandy aquifer to assist with future management. In order to achieve this, several primary objectives 
were set:   
 To analyse the hydraulic characteristics and groundwater chemistry of the Windang 
unconfined aquifer; 
 To assess the properties of the contaminant plume in the aquifer, particularly relating to the 
presence of ammonia-nitrogen and its discharge into Lake Illawarra; 
 To identify any differences in groundwater flow parameters between ‘wet’ and ‘dry’ 
sampling events; 
 To make recommendations for future management based on these results. 
 
Through the interpretation of data obtained from fieldwork, this study was able to address these 
objectives. This chapter presents a discussion of how the study achieved the objectives and 
examines in more detail the trends identified in Chapter 4 including their cause in relation to 
published literature. Additionally, this section will address the limitations of the study and will 
provide suggestions for further avenues of study for the Windang unconfined sandy aquifer. 
5.1. Unconfined aquifer hydraulic characteristics  
This section will discuss the hydraulic characteristics of the Windang unconfined sandy aquifer 
identified in this study by slug testing and SWL measurements and will draw comparisons to past 
studies on the Windang unconfined aquifer whilst discussing reasons for the results obtained. 
5.1.1. Hydraulic conductivity 
Hydraulic conductivities in the Windang aquifer are heterogeneous at depth based upon differing 
hydraulic conductivities between WP1-12 and WP4-12, meaning the aquifer is horizontally 
anisotropic. Heteogeneity is expected based on sediment log profiles from Longhurst (2015), and 
because it is rare for aquifers to be isotropic (Heath 1983). The Windang barrier sands which 
comprise the aquifer are medium-to-coarse-grained, and moderately to poorly sorted, coarsening 
downwards in most parts of the aquifer, with little clay and silt (Longhurst 2015). Local conductivity 
values depend on many factors including uneven consolidation of the aquifer sediment. Hydraulic 
conductivities in sandy aquifers are highly variable, though typically, K values found in saturated 
sandy aquifers such as the Windang unconfined aquifer fall around 15 m/day based on data from 
Clapp and Hornberger (1978). Hydraulic conductivities reported in this study range from 4 to 6.5 
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m/day based on slug testing data, which are considerably lower conductivities than expected based 
on Clapp and Hornberger (1978). It is important to note that the accuracy of K values depends on the 
condition of the bore screen in the well according to the Hvorslev (1951) method. A clogged or 
damaged bore screen is a potential reason for the difference between reported K values and the 
expected values. It is also important to consider that differing methods of measuring hydraulic 
conductivities may result in different K values being found; values obtained by Clapp and Hornberger 
(1978) were measured by means other than slug testing which could account for the difference in  
reported hydraulic conductivity (Butler & Healey 1998).  
 
Doran (2002) reported hydraulic conductivity in the Windang unconfined aquifer of 13.5 m/day 
using a draw-down pumping test, higher than the mean K value for the aquifer obtained by this 
study of 5.4 m/day derived from slug testing. The tests for hydraulic conductivity were undertaken at 
different locations and depths, and localised differences in porosity and permeability may have 
contributed to differences in hydraulic conductivity between studies. This is particularly relevant 
since a slug test is more useful in determining localised hydraulic conductivity rather than wide-scale 
conductivity (Spring 2006). As well, the difference is probably also explained by different methods 
used in calculating hydraulic conductivity; pumping tests can result in larger hydraulic conductivities 
as demonstrated by Butler and Healey (1998). An additional reason for variances in K values could be 
incomplete well development. Montgomery (2004) obtained a very similar value to Doran (2002) 
using SWL gradients. Longhurst (2015) obtained a mean K value for WP4-12 of 7.7 m/day using the 
same slug testing method as this study. This value is comparable to the mean K value for WP4-12 in 
this study, 5.7 m/day. However, Longhurst (2015) mean K value for the aquifer obtained from slug 
testing was 9.1 m/day, which is greater than the mean aquifer K value obtained in this study, 5.4 
m/day. This could be due to the fact that the monitoring wells used by Longhurst (2015) were 
recently installed and had not ‘settled’. Additionally, the testing of different bores with differing 
hydraulic conductivities could skew the mean value. As well as this, biological activity such as algae 
may obstruct the bore screen, which could be a reason for a lower hydraulic conductivity as the 
monitoring wells used by Longhurst (2015) were recently installed. This is reasonable considering the 
high nitrogen content in the groundwater providing abundant nutrients for biological activities to 
take place, though little organic nitrogen is present in the groundwater based on TKN 
concentrations. 
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5.1.2. Groundwater migration rate, direction and discharge 
Typical flow rates in a sandy aquifer may vary from 0.003 m/day to 3 m/day (Harter et al. 2008). 
Groundwater migration rates in this study hold a mean value of 0.018 m/day, about one order of 
magnitude greater than the minimum value reported by Harter et al. (2008), meaning that 
groundwater flow in the Windang unconfined aquifer is relatively slow for a sandy aquifer, likely due 
to a relatively gentle gradient in the aquifer. Flow rate is directly related to hydraulic gradient based 
on the Darcy equation; groundwater flow decreases during periods of rainfall in the Windang aquifer 
due to water table smoothing, which sees increases in hydraulic head at all points in the aquifer due 
to recharge, and a shallower gradient. Water table smoothing is particularly apparent during 
extreme events where soil infiltration capacity is reached and excess recharge runs off the peninsula. 
Water table smoothing and a shallower gradient can be observed in Figure 16, whereby the ‘wet’ 
SWL map displays fewer contours than the ‘dry’ map, indicating a gentler gradient. However, slowed 
migration due to water table smoothing is likely buffered by increases in aquifer discharge and 
pressure associated by rainfall recharge (Guérin et al. 2014).  
 
Horizontal groundwater migration rates of 0.026 m/day were determined by Longhurst (2015), 
which is comparable to the seepage velocity obtained by this study of 0.018 m/day. Montgomery 
(2004) reported an aquifer flow velocity of 0.084 m/day which, whilst higher than the value reported 
by this study, is still within the same order of magnitude. Groundwater flow rates in the Windang 
unconfined aquifer were also calculated by Doran (2002) who obtained a mean value of 14 m/year, 
compared to this study which produced a value of 6.7 m/year. The difference can be accounted for 
by a considerably greater hydraulic conductivity being used by Doran (2002), as a similar porosity 
value and gradient were used in both calculations. 
 
Hydraulic gradients for the Windang unconfined aquifer were defined in Montgomery (2004) as 
being 0.07% during ‘drought conditions’, and 0.09% during ‘flood conditions’. Values obtained 
representing the hydraulic gradient of the entire aquifer from this study show a mean ‘dry’ gradient 
of 0.13%, and a ‘wet’ gradient of 0.10%, which is converse to values calculated by Montgomery 
(2004) where a steeper gradient was found during flood conditions. The hydraulic gradient from 
Longhurst (2015) along WP2 to WP3 was calculated as being 0.05%, lower than the average 
hydraulic gradient for this study of 0.11%. Doran (2002) does not report a hydraulic gradient for 
comparison, though it is likely to be a similar value to this study based on the fact that the flow rate 
(which relies on gradient) is within one order of magnitude, and any difference in flow rate can be 
accounted for by differences in the hydraulic conductivity value used.  
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Groundwater flow in the Windang unconfined aquifer largely follows the hydraulic gradient, with a 
westerly flow direction on the west side of the dune pediment, and eastward flow east of the dune 
pediment (Coffey Partners International Pty. Ltd. 1994; Longhurst 2015). Doran (2002) reports a flow 
direction west of the dune pediment as having an azimuth of 300°, which is in line with likely flow 
direction in this study upon observation of the average SWL contour map (Figure 15) as seen in 
section 4.5.1. However, it is important to consider that apparent flow direction using this method of 
determination can be impacted upon by the points used in the interpolation of water table depths 
and the creation of contours. 
 
A method for calculating discharge along the shoreline in the Windang aquifer was provided by 
Montgomery (2004) which is 0.921 m3/day per metre width of the aquifer. Appling the Montgomery 
(2004) method to this study and using the shoreline length value of 475 m, groundwater discharge 
into Lake Illawarra is calculated to be 437 000 L/day (assuming 1 m3 = 1000 L). This is a substantially 
different value to the Darcy discharge value calculated in this study (section 4.5.2) of 31 800 L/day. 
The difference is due to Montgomery (2004) using a velocity rate in the discharge calculation that 
was greater by a factor of 4.6. Apart from Montgomery (2004), discharge of groundwater from the 
peninsula has not been determined.  
5.1.3. Water table SWL fluctuations and correlations 
Hydraulic pressure exerted by the rising and falling of tides in the adjacent Lake Illawarra was seen 
to have a minor effect upon the hydraulic head in the water table, with the strength of this tidal 
pumping attenuating over distance. Flood tides in Lake Illawarra saw increases in SWL at WP4-12 on 
the shoreline at the western edge of the aquifer, and a lag of 1 hour is probably due to both the 
limited permeability of aquifer and Cudgeree Bay tidal buoy being 1.5 km away from WP4-12. Low-
to-high tidal pumping may introduce small amounts of saline groundwater into the aquifer, and the 
increase in head at the western edge of the aquifer at high tide leads to a net decrease in hydraulic 
gradient, slowing groundwater flow during this part of the tidal cycle. The negative correlation found 
between WP3-8 and Cudgeree Bay could be due to a lag brought about by the limited permeability 
of the aquifer, with high water level in Lake Illawarra taking time to permeate through the aquifer to 
WP3-8. The inconsistent trend of SWL fluctuations in WP3-8 meant that the tidal lag was unable to 
be calculated, though a lag of half of one tidal cycle (around 5-6 hours) could be a possible 
explanation for the negative correlation found. Increases in WP3-8 SWL are not statistically 
correlated to rainfall data from Wollongong Waste Treatment Plant likely due to low rainfall totals 
during the month in which this comparison was analysed, lending further weight to the fact that 
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WP3-8 SWL is being affected by tidal pumping. Hence, tidal pumping is accountable for changes in 
SWL for up to 200 metres from the shoreline in the Windang unconfined aquifer. However, based on 
correlation strengths between both WP4-12 and WP1-12 and Cudgeree Bay, the effects of tidal 
pumping attenuate over distance, with the correlation of WP3-8 and Cudgeree Bay being close to 0.  
 
As expected, large fluctuations in hydraulic head are seen after rainfall events, meaning that 
precipitation enters the aquifer and does not exclusively leave the peninsula as runoff. Additionally, 
changes in barometric pressure can also lead to significant fluctuations in SWL in monitoring wells in 
unconfined aquifers (Hare & Morse 1997). Hence, SWL changes seen in WP1-12 during periods of no 
rainfall may be due to fluctuations in atmospheric pressure, with another possible contributor being 
earth tides (Bower 1973). Fluctuations in SWL due to atmospheric pressure may be amplified by the 
fact that the monitoring well is not completely airtight, though the well is sealed with a PVC cap. 
Some instances where rainfall events are not represented in SWL fluctuations in WP1-12 are likely 
due to rainfall events being localised to Wollongong, which is where the hourly rainfall data 
originates. This is exemplified by a rainfall event recorded on 23rd March 2016, where data from 
Bellambi AWS and Wollongong Waste Treatment Plant (>10 km north of study site) show significant 
rainfall, whereas <1 mm was recorded at Port Kembla and Berkeley, closer to the study site. Based 
on this, the data point for 23rd March was removed from determining rainfall correlations. Because 
of the influence localised rainfall can have upon rainfall correlations, the correlation results are 
limited in determining the actual relationship between rainfall and water table SWL; proper 
correlations could be made using hourly rainfall data from a weather station closer to the study site, 
though no such site was available for this study. 
5.2. Unconfined aquifer groundwater chemistry in a barrier setting 
This section will highlight the properties of the aquifer that were determined via the sampling of 
contaminated groundwater and discuss the reasons for the results obtained in relation to published 
literature and past studies on the Windang unconfined aquifer. 
5.2.1. Freshwater lens and salt water wedge 
Freshwater lens 
Salinity remains relatively low throughout the study site at all depths despite the aquifer being both 
unconfined and surrounded by saline water on both sides. Low salinity is probably due to the 
presence of a freshwater lens in the aquifer comprised primarily of freshwater recharge from 
rainfall. Water can be classified based on its total dissolved salts (TDS) content; freshwater has a TDS 
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value from 0.05 to 1.0 ppt, estuarine water falls within a TDS range of 0.5 to 30 ppt, and saline water 
is from 30 ppt onwards (ANZECC 2000). Individual salinity values range from 0.51 to 1.51 over the 
study period, meaning that groundwater in the Windang unconfined aquifer is not particularly fresh 
and falls under an ‘estuarine’ classification. Whilst salinity in BH10 is slightly higher than the other 
bores, salinity in this bore is still relatively low. Of note is the fact that WP3-12, which is 
approximately the same distance away from the shoreline as BH10, has a lower salt content than 
BH10. The freshwater lens is present in the Windang unconfined aquifer to a depth of at least 1.8 
metres below sea level at the shoreline on the western edge of the aquifer, and eastward the lens 
descends to the base of the aquifer. Whether the freshwater lens extends beyond the shoreline into 
the lake sediment is unknown, though it is unlikely unless there is active and substantial discharge. 
Saltwater wedge 
A saltwater wedge is characterised by the distinct interface between saline water and fresh or 
brackish water. WP4-12 groundwater falls into the saline classification with a salinity value of 57.4 
ppt and represents the presence of a saltwater wedge protruding into the aquifer as displayed in the 
3D salinity ArcScene model in section 4.6.1. This incursion is expected as WP4-12 is less than five 
metres away from the shoreline, and there is likely no aquitard between the barrier sands and the 
lake sediment based on WP4 sediment logs from Longhurst (2015). Salinity data from Longhurst 
(2015) demonstrates that groundwater in WP4-8 is distinctly saline, whereas groundwater in WP4-4 
is fresh. Hence, the freshwater-saltwater interface at WP4 is somewhere between 1.8 and 6 metres 
below sea level based on bore screen depths. During rain events, the interface is lowered due to an 
increase in the size of the freshwater lens (Steele et al. 2009). The freshwater-saltwater interface is 
sharply defined, at least on the surface at the shoreline, where saline lake water is directly adjacent 
the freshwater lens. Thus, the interface dips steeply down in the aquifer in an eastward direction 
based on the depth of the interface in WP4 and at the surface, and the small horizontal distance 
between the shoreline and WP4. Due to the density-dependant separation of saline water in the 
wedge from brackish groundwater (Barlow 2003), it is theorised that the salt water wedge will take 
on a form similar to that displayed in Figure 29. However, the lateral extent of its incursion is not 
fully understood despite 3D modelling undertaken in section 4.6.1. Where the freshwater-saltwater 
interface meets the bottom of the aquifer must be somewhere between the shoreline and WP3-12 
or BH10, based on low salinity values in these bores.  
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The aquifer derives salt from multiple sources; mixing from tidal pumping action at the west edge 
next to the lake and the eastern edge of the aquifer next to the ocean, as well as the dissolution of 
salts and soluble residue from sea spray from the surface during rain events (Custodio 1997).  
 
 
Figure 29. Idealised saltwater wedge in the Windang unconfined sandy aquifer, showing the 
freshwater-saltwater interface intersecting WP4 at two theoretical depths, 1.8 metres below sea 
level, and 6 metres below sea level. Horizontal and vertical scale is preserved in this diagram. 
5.2.2. Groundwater quality: Redox conditions, pH and dissolved oxygen  
Redox conditions 
Based on results from this study, groundwater in the Windang unconfined aquifer is in a 
predominately oxidised state, though a reported standard deviation value of 44 mV means that 
groundwater can be reduced in places. Redox conditions are more positive than that of previous 
years, with results from Yassini and Robson (2005) and Wollongong City Council (pers. comm. in 
Longhurst, 2015) indicating that on average groundwater was in a reduced state. BH4 recorded the 
most positive ORP values representing groundwater that possesses greater oxidising potential than 
in other bores. Both of the PKGC bores (BH2 and BH9) have negative mean ORP values and are the 
only bores in this study to have groundwater with a negative redox potential. The cause of this is as 
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yet unknown. Lower than average ORP values are found in bores with highly contaminated 
groundwater, with a mean ORP of +10 found between BH2, BH9, BH10, WP2-12 and WP3-12, 
compared with a mean ORP of +85.5 mV for WP1-12 and BH4 which have comparatively low 
ammonia concentrations. Whilst ORP value of +10 mV is not indicative of reducing groundwater, 
standard deviations for all of these bores is 30 mV meaning that ORP conditions in contaminated 
bores have the potential to be reducing.  
 
Results from Longhurst (2015) by sampling all three depths at the WP bore arrays show that ORP 
decreases with depth in the aquifer, which he reports could be due to rainfall percolating 
downwards through the aquifer. Such a defined ORP vs. depth result was not found in this study 
likely due to the fact that the bores sampled here were in separate locations from one another. 
However, more positive ORP values found after rainfall events could be due to oxidised rainfall 
infiltrating into groundwater. Of note is that redox potential can be positive with enough dissolved 
oxygen (Tucker 2012), though interestingly a statistically significant relationship was not found 
between DO and ORP in this study. Reasons for this could be found in the fact that the bore contains 
oxygenated water which may diffuse out through the bore screen. 
pH 
Groundwater pH in the study site is neutral to slightly alkaline with a mean pH value of 7.58, which is 
expected with high ammonia content as NH3 is a weak base in solution. Whilst ammonia has a 
positive (though weak) correlation with pH, pH values similar to WP3-12 are not seen in WP2-12 
which has a mean ammonia concentration in the same range as WP3-12. Observed decreases in pH 
after rainfall are likely caused by dilution of groundwater by freshwater recharge, shifting the pH of 
the water to a more neutral state. Acidification was seen in BH10 after rainfall events, though the 
reason for this is unknown.  
 
Increases in pH are expected to lower redox potential in water (Tucker 2012). This result was 
expected at WP3-12 which had a higher mean pH than other bores, though this was not the case in 
reality, with other bores in the study site having both a lower pH and lower redox potential. Higher 
mean pH at WP3-12 compared to other bores could be due to coal wash deposits found in WP3 
sediment logs (Longhurst 2015); the leaching of which may alter pH of the adjacent groundwater. 
Increases in pH can be expected from elevated concentrations of dissolved bentonite, a well 
construction material (Nielsen 1991). This may be responsible, at least in part, for elevated pH at 
WP3-12 whose installation may have seen contamination from bentonite. An additional explanation 
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for this pH anomaly could be the presence of weathered shell material around at around 8 metres 
below ground, as the dissolution of CaCO3 found in the shells of marine animals may slightly raise pH 
in water. Assuming these are explanations for elevated pH values in WP3-12, pH in this study site 
does not appear to vary with depth. Additionally, no strong relationship between pH and distance 
from the lake was observed.  
Dissolved oxygen 
Groundwater can be termed anaerobic if DO concentrations are present below 1 mg/L (Dinicola 
2006). DO concentrations in the Windang unconfined aquifer have a mean value of 0.74 mg/L (ppm), 
with only two instances recorded that show DO above 1 mg/L. The bores sampled in this study were 
chosen based on the informed assumption that their depths are where the contaminant plume lies. 
Because of this, it can be assumed that the plume is moving under anaerobic conditions. 
5.2.3. Groundwater chemistry 
Correlations 
Correlations and coupled correlations between water quality parameters including analyte 
concentrations are expected in aquifers (Lopes 2006). The lack of correlation between salinity and 
density is due to the relatively minor fluctuations in TDS and the fact that WP4-12 was not included 
in the correlation due to it not being particularly indicative of the Windang unconfined aquifer 
groundwater. Subsequent inclusion of WP4-12 in the calculation produced a strong correlation, 
though it is not reported in this study. It should be noted that whilst correlations between analytes 
were able to be drawn, the strength of each correlation is generally quite weak, apart from that of 
ammonia and salinity. Weak correlations are vulnerable to influence by floating outliers meaning 
that weak correlations in this study are unreliable. However, for the practical purposes of this study, 
that is of little importance. 
Ammonia 
High ammonia concentrations in the Windang unconfined aquifer are typical of coastal aquifers 
contaminated with nightsoil and septic effluent (Close 1989; Ptacek 1998; Parkhurst et al. 2013; 
Norrman et al. 2015). High ammonia concentrations can be expected with groundwater at a pH of 7 
and ORP up to around 380 mV; above this threshold, ammonia is oxidised to nitrate or nitrite 
(Husson 2013). Coupled with the leaching of septic and nightsoil ammonia from the contaminant 
source, ammonification of organic nitrogen at the contaminant source was stated by Longhurst 
(2015) as being the most likely reason for high ammonia concentrations within the Windang 
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unconfined aquifer. Based on the lack of nitrate or nitrate in the aquifer as indicative of other 
processes in the nitrogen cycle such as DNRA, this study finds the result by Longhurst (2015) holds 
true over a longer sampling period covering several rainfall events.   
 
Increases in ammonia concentration following rainfall events may be due to enhanced leaching of 
organic nitrogen from the surface, leading to higher rates of ammonification. On average, slightly 
higher nitrate concentrations are found after rainfall events which may be due to leaching from the 
surface. Coupled with DNRA and ammonification, surface leaching may result in the elevated 
ammonia concentrations found in groundwater after rainfall. It is also likely that ‘pulses’ of higher-
than-average ammonia concentration exist within the plume where enhanced leaching of organic 
nitrogen followed by ammonification at the contaminant source has taken place following rainfall 
events. However, ammonification at the contaminant source following rainfall events is likely not the 
reason for increased ammonia concentrations in the bores following rainfall due to the substantial 
amount of time it takes groundwater to migrate from the source to the boreholes. 
 
An ammonia concentration of 1.9 mg/L was found in the salt wedge based on the one sampling 
event of WP4-12 in this study; a value that is comparable to a mean concentration of 1.89 mg/L in 
WP4-12 obtained by Longhurst (2015). Ongoing water quality monitoring in Lake Illawarra shows 
that ammonia concentrations in the lake are normally below detection limits (Wollongong City 
Council 2015). The presence of ammonia in the salt wedge despite density separation being 
prevalent at WP4 based on the observed freshwater-saltwater interface implies that tidal pumping is 
likely to play a role in mixing between contaminant and saline water at the shoreline. Ammonia 
concentrations from Longhurst (2015) throughout the sequence at WP4 are similar to other bores on 
the plume fringe such as WP1-12. Hence it is probable that ammonia in the salt wedge is derived 
from the contaminant plume. 
 
Of interest is the substantial difference in ammonia concentration between BH10 and BH9; BH10 is 
just 55 metres west of BH9 but reports ammonia concentrations on average four times greater than 
that of BH9. There is only a 0.35 m difference in depth between BH9 and BH10 when referenced to 
sea level, meaning that both bores represent groundwater at approximately the same depth. It is 
possible that BH10 derives ammonia from a burst sewer main, as groundwater in BH10 was far more 
odorous and dark in colour than groundwater in other highly contaminated bores, and BH10 has the 
biggest wet vs. dry difference in ammonia concentration. However, it is unknown whether there are, 
or have been, burst sewer mains in the vicinity. Additionally, groundwater at BH2 (around 55 metres 
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due east of BH9) exhibits ammonia concentrations on average around twice that of BH9, which is 
again at a similar depth below the sea level (0.6 m divergence). Accounting for groundwater flow 
direction, dilute concentrations of ammonia in BH9 may be due to freshwater leaching out of a pond 
in PKGC that is approximately 100 metres upstream. Dilution may be the reason behind lower 
ammonia concentrations in BH2 which is also downstream of the pond, albeit closer. Additionally, a 
culvert is present next to BH9 which could introduce higher than normal levels of rainwater recharge 
into the aquifer in this area, though a culvert is also found next to WP3-12 and ammonia 
concentrations there remain very high in that bore. Alternatively, copper slag is present in the 
sedimentary sequence at BH2 which, depending on the precise direction of groundwater flow, could 
act as an upstream barrier to contaminant reaching BH9. Non-conservative attenuation of the plume 
can occur over small distances where redox conditions vary, though large variations are not seen 
here, and differences in redox conditions are opposite to what is expected for this to be the case 
(Loveless & Oldham 2009). 
 
A relatively strong positive correlation between ammonia and salinity was found during the study 
period, and coupled increases in ammonia and salinity can be observed during rain events. A 
possible explanation for this correlation could be due to leaching of soluble salt spray in tandem with 
the leaching of organic nitrogen from the surface, with ammonification or DNRA converting nitrogen 
products to ammonia down the soil profile. Considering the moderate strength of the correlation, it 
may be possible that the change in both analytes during rainfall events is where the correlation 
derives most of its strength, making rainfall the independent variable.  
TKN and organic nitrogen 
Comparing ammonia concentrations to TKN/TN between ‘wet’ and ‘dry’ events would illustrate the 
extent of organic nitrogen leaching from the surface. However, comparing ammonia to TKN 
concentrations is not possible due to digestion of the sample used in the chemical analysis, which 
reports lower TKN/TN concentrations than ammonia. It should be noted, however, that based on the 
similar values obtained for both TKN and ammonia that organic nitrogen content is minimal and 
ammonia is by far the most abundant nitrogen species in the Windang unconfined aquifer. 
Nitrate and nitrite 
Nitrate is commonly present in nightsoil/sewage effluent (Close 1989; Hanchar 1991; Lipták & Liu 
2000). Nitrate concentrations in the aquifer remain low-to-absent, comparable to Longhurst (2015) 
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and Yassini and Robson (2005), and any recorded concentrations are probably due to lightly 
contaminated field equipment based on results from section 4.3.1.  
 
The absence of nitrate concentrations in the Windang aquifer could be due to the biological 
conversion of NO3- to N2 gas by denitrifying bacteria or by the facilitation of NOx to ammonia via 
DNRA. Alternatively, or additionally, low nitrate concentrations in the aquifer may also be due to 
incomplete or very slow oxidation of nitrogen contaminant at the source (Ptacek 1998). Night soil 
was dumped in the dune system behind the study site into open pits and covered with dirt. Given 
the small distance between the surface and the vadose zone ion the Windang aquifer, it is possible 
that contaminant was placed directly into groundwater. In this scenario, as contaminant leaches out 
of the source it would have little interaction with oxygen meaning that, coupled with reducing 
groundwater conditions, NOx species would be less likely to form. Reducing groundwater processes 
could be responsible for the conversion of nitrate to ammonia through the DNRA process, though 
reducing conditions were not seen in the groundwater in this study, nor were reducing conditions 
found in the bores closer to the contaminant site. Longhurst (2015) identified an iron plume in the 
study site. A substantial iron concentration of 9 mg/L was found at BH4, which is towards the 
eastern edge of the study site. A possible explanation for the lack of nitrate in the plume is nitrate-
dependent ferrous oxidation (NDFO) occurring towards the eastern edge of the study site, leading to 
the reduction of nitrate. NDFO may occur in anaerobic groundwater where, coupled with microbial 
metabolic pathways such as denitrification, NO3- acts as an electron donor to iron particles (Dinicola 
2006; Carlson et al. 2013; Oshiki et al. 2013).  
 
The complete absence of nitrite can be explained the thermodynamic instability of nitrite in 
groundwater and its role as an intermediate product in both the nitrification and denitrification 
process (Wieben et al. 2013). Nitrate is the introductory species for the facilitation of the nitrification 
process, with the conversion of nitrate to nitrite being the first step in the sequence (Hatch et al. 
2002; Rütting et al. 2008). An initial deficiency of nitrate in the groundwater means that the absence 
of nitrite is not out of the ordinary in this setting. 
Phosphorus 
Phosphorus concentrations in the Windang unconfined aquifer remained relatively low with a mean 
value of 0.15 mg/L recorded. Septic effluent may contain elevated concentrations of phosphorus 
(Ptacek 1998; Parkhurst et al. 2013), meaning that low concentrations of phosphorus during the 
study period may be anomalous. It should also be noted that phosphorus was also consistently 
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present in the field blank, making any borehole phosphorus concentrations somewhat unreliable. 
Reactive phosphorus concentrations displayed a mean of 0.10 mg/L for the rounds it was recorded 
(1 to 4) indicating that the majority of the recorded total phosphorus was phosphate compounds. It 
is not uncommon for groundwater to exhibit low phosphorus concentrations due to the tendency 
for ionic phosphorus to adsorb to the aquifer matrix, and hence it is typically not found in the 
dissolved phase in groundwater (Wieben et al. 2013). Specifically, phosphate tends to adsorb to clay 
sediments due to chemical adsorption (pers. comm. John Morrison, 2016). Longhurst (2015) details 
clay as being present throughout the study site in small amounts, meaning that clay could potentially 
be an explanation for the absence of phosphorus in the Windang unconfined aquifer. Phosphorus 
adsorption may also be enhanced by the presence of iron oxyhydroxides in the aquifer due to the 
tendency of iron oxyhydroxides to adsorb to clay (Mezenner & Bensmaili 2009). Iron oxyhydroxides 
may be present in the aquifer based on iron (III) and DO data in WP2-4 and WP4-8 from Longhurst 
(2015). Phosphorus can also precipitate with soluble iron, or adsorb to iron particulates already in 
solution (pers. comm. John Morrison, 2016).  
5.2.4. Groundwater classification and origin 
Whilst little is known about the volume of waste dumped in the dunes in Windang, the types of 
waste that were deposited are known; nightsoil, and septic effluent and screenings. 15N/14N data 
from Yassini and Robson (2005) shows that groundwater in the northern portion of the study site 
falls within a ‘nightsoil’ classification. Low nitrate concentrations are indicative that nitrogen 
contaminant in the aquifer is not of a fertiliser origin. The fertiliser used by PKGC is applied twice per 
year, has an ammonia-nitrogen content of 1.7% and a nitrate content of 0.5%, and is only applied to 
the golfing greens at an application rate of 2-3 kg/100 m2 (pers. comm. PKGC, 2016). It is hence 
unlikely that PKGC is contributing large amounts of ammonia or nitrate into the groundwater due to 
the relatively small area that the golfing greens cover and the infrequency of application. 
 
Two methods were used to approximate the origin of contaminated groundwater in the Windang 
aquifer; Cl:Br ratios vs. Cl concentration scatterplot, and an Eh vs. pH graph. References sources 
from Mullaney et al. (2009) and Husson (2013) were used in the determination of this groundwater, 
respectively. A binary logarithmic scatterplot of the chloride/bromide vs. chloride concentration for 
all boreholes in this study can be seen in Figure 30, underlain by the mixing curve reference source 
from Mullaney et al. (2009). This graph shows a clustering of the values around the ‘8’ and ‘9’ mixing 
curves, meaning that groundwater in the study site is of a ‘basin brine’ or ‘seawater’ origin. Notable 
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is the proximity of this cluster to the range for ‘sewage and animal waste’, and experimental error 
may be the reason for the cluster not lying within the specified range in the reference source.  
 
 
Figure 30. Binary Cl:Br vs. Cl concentration scatterplot of bores sampled, underlain by a reference 
graph from Mullaney et al. (2009). Note that ‘aquifer average’ does not include WP4-12. 
The cluster of bores shown in Figure 31 demonstrates that groundwater in the aquifer falls into an 
‘alkaline and reduced’ NH3 ammonia classification based on the reference graph from Husson 
(2013). The reference source shows that NO3- is thermodynamically stable around a pH of 7 above a 
redox potential of 400 mV. Hence, the fact that ORP values in the study site were consistently below 
400 mV falls in line with the fact that little to no NO3- was recorded during the study period.  
 
Whilst these methods were useful in approximating the type of groundwater based on reference 
sources, these methods did not allow the characterisation of different types of ammonia-nitrogen in 
the aquifer. Characterisation via the analysis of 15N/14N ratios would allow differentiation between 
ammonia inputs though it was not possible in this study due to funding constraints. Little research 
has been done on characterising ammonia-nitrogen associated with septic plumes and it would be 
useful to managers in determining the primary sources of ammonia-nitrogen in groundwater when 
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there are several contaminant sources present. Furthering the characterisation of ammonia-nitrogen 
sources, the 15N/14N signal can help identify any biogeochemical processes being undertaken in the 
aquifer to result in such high ammonia concentrations. For instance, ammonification (probably the 
primary biogeochemical process involved in the conversion of organic nitrogen into ammonia in the 
aquifer) can lead to the enrichment of 15N (Möbius 2013). Such a result would be expected in the 
Windang unconfined aquifer if ammonification is, in reality, the primary method of ammonia 
production in the aquifer. 
 
 
Figure 31. Eh vs. pH scatterplot for bores sampled in the study site, underlain by a reference graph 
from Husson (2013). 
5.2.5. ANZECC guidelines 
When discussing trigger values, it is important to consider that the plume is discharging into Lake 
Illawarra, a nitrogen-limited estuarine-to-marine system (Doran 2002; Qu 2004; Rutten et al. 2004). 
Hence, this section will refer to ANZECC (2000) trigger values for estuarine or marine environments 
when discussing analytes that are in exceedance of guidelines, rather than freshwater triggers which 
are more in line with recorded groundwater salinity values, for reasons of practicality. 
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The ANZECC (2000) marine trigger value for ammonia concentrations decreases with an increase in 
pH. Individual values for pH in this study range from 6.87 to 8.70, and hence ammonia trigger values 
for these two pH values are 4.55 to 0.24 mg/L respectively. On average, ammonia concentrations for 
every borehole were in exceedance of trigger values based on the mean pH recorded in the 
borehole. The mean plume concentration (36 mg/L) is also far in exceedance of any ammonia trigger 
value in ANZECC (2000). Every instance throughout the sampling period where nitrate has been 
detectable reports concentrations in exceedance of the ANZECC (2000) guidelines (0.01 mg/L) by up 
to 0.03 mg/L. However, NOx concentrations in the Windang aquifer are very low to the point of 
being relatively inconsequential, at least when considering elevated nutrient inputs into Lake 
Illawarra. TP has a trigger value of 0.025 mg/L based on the guidelines, and on average groundwater 
in the study site exceeds this trigger by 1 to 2 orders of magnitude. Only once was TP recorded lower 
than the trigger. Reactive phosphorus recorded a mean concentration of 0.11 mg/L over the study 
site, roughly ten times the marine trigger of 0.01 mg/L. 
 
Whilst both total and reactive phosphorus are in exceedance of guidelines, Lake Illawarra has an 
abundance of phosphorus and is hence a nitrogen-limited system (Doran 2002; Qu 2004; Rutten et 
al. 2004). The submarine discharge of the ammonia plume represents only a small fraction of water 
in Lake Illawarra, though the plume may be, or in times of intermittent flushing in the lake, 
responsible in part for localised algal growth where discharge takes place (Su et al. 2014). Based on 
where algal blooms have occurred, as seen in Rutten et al. (2004), SGD from the Windang aquifer 
ammonia plume could be a possible reason for the prevalence of harmful algal blooms in the early 
2000s. 
5.2.6. Attenuation of the ammonia plume over time 
Doran (2002), Yassini and Robson (2005), and Longhurst (2015) show that NOx concentrations in the 
study site have remained low over the past 15 years, with values showing minimal change from 
concentrations presented in this study. Doran (2002) and Yassini and Robson (2005) show a similar 
trend with total phosphorus showing little variation over time. However, mean ammonia 
concentrations in the study site have on average seen substantial shifts over time as seen in Figure 
32. The plume appears to be attenuating at a faster rate in BH2 than it appears to be at BH9, though 
this may be within limits imposed by statistical error. Another possible reason for lower 
concentrations in BH2 could be due to dilution from nearby recharge sources; it is close to a golfing 
green meaning that it could see additional recharge from irrigation systems, and the bore lies in a 
depression meaning rainfall pools at the surface as the infiltration capacity of the soil is reached in 
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rainfall events. Overall attenuation of the plume is probably due to the plume discharging into Lake 
Illawarra by steady-state flow as well as rainfall pulses rather than the biogeochemical 
decomposition of ammonia by processes such as nitrification, as indicated by a lack of NOx as a final 
product. Of note is the fact that time-till-depletion values calculated by this study do not account for 
rainfall pulses meaning that realistic time-till-depletion values are likely lower than this.  
 
Notable is the minor increase in ammonia concentration at WP2-12 and WP3-12 from 2015 to 2016. 
A possible reason for this increase could be found in the fact that the study period for this study had 
above average rainfall which may be responsible for increase leaching of organic nitrogen from the 
surface as well as contaminant source. Another reason for the increase may be due to the 
contaminant plume shifting position in the aquifer, leading to higher concentrations as more 
concentrated portions of the plume intersect these bores. BH10 did not experience an increase in 
concentration from 2015 to 2016 and the reason for this is may be dilution from rainfall overcoming 
increases in ammonia concentration from the ammonification of organic nitrogen; BH10 is a 
relatively shallow compared to WP2-12 and WP3-12 bore making this plausible. 
 
 
Figure 32. Average ammonia concentrations in different boreholes over the past 15 years. 
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Spatial attenuation of the plume will be addressed in section 5.3.1, and time-till-depletion values will 
be discussed in section 5.3.3. 
5.3.  Physical characteristics of ammonia plume 
5.3.1. Shape and movement of ammonia plume in aquifer 
The ammonia plume does not appear to attenuate with groundwater flow based on concentrations 
increasing from WP2-12 to WP3-12 and BH10. However, on the south-western and north-eastern 
fringes of the plume there appears to be significant lateral attenuation based on low plume 
concentrations throughout the sequence at WP1 and WP4 based on data from this study and 
Longhurst (2015). Hence, plume boundaries are not ‘sharp’, probably due to dispersive or diffusive 
processes whereby ammonia in the plume propagates out in every direction. Contaminant plumes 
have ‘sharp’ boundaries if they are transported only by advection, and a gradual boundary transition 
is expected if the plume is undergoing transverse dispersion processes (LeBlanc 1984). This would 
mean that the higher concentration parts of the plume represent leached contaminant, and the less 
concentrated bores represent laterally diffused or dispersed ammonia, assuming the lateral leaching 
of contaminant is homogenous. It should be noted that mechanical dispersion of the plume with the 
direction of groundwater flow, and adsorption of contaminant to clay particles was not able to be 
accounted for in the calculation of aquifer flow rates or discharge.  
 
A flow scenario is proposed based on data from this study, Longhurst (2015) and Yassini and Robson 
(2005). The ammonia plume is present at depth towards the eastern fringes of the study site based 
on findings in this study and concentration data from Longhurst (2015). Contaminant leaches from 
the source south-east of the study site and falls through the aquifer and settles at the bottom. The 
plume travels westward with groundwater flow and remains at depth above the bedrock base until 
the plume-front reaches around 200 metres from the shoreline, where it begins to upwell, at least in 
the northern section of the study site. Where the plume begins to upwell in the southern portion of 
the study site is not clear due to lack of data, but it is likely to be north-west of WP3. Upwelling 
occurs due to the presence of the salt wedge in the aquifer near the shoreline providing a density-
dependent ‘ramp’ that forces the plume, which is undergoing advective flow with the bulk motion of 
the groundwater, upwards through the aquifer. The plume then passes from the aquifer into lake 
sediment and discharges into Lake Illawarra via SGD, discharging anywhere from the shoreline 
outwards into the lake. A map view of the proposed ammonia plume based on this scenario is 
presented in Figure 33. Whilst this figure is an approximation, it is useful in interpreting the plume 
shape and can be extrapolated to estimate the northern and southern extents of the plume. The 
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plume probably extends north and south of the extent bounded by the study site, though an 
absence of bores in these areas means that the true extent of the plume is still unknown. Upwelling 
is not represented in the figure due to its map view orientation, however, upwelling is displayed 
more distinctly in the in the ArcScene 3D models presented in section 4.6.1. Whilst the plume 
boundaries seem to fall closely in line with the boundaries of the septic tank effluent and sludge 
deposit, it should be considered that pickling acid deposits are located directly adjacent south-west 
of the septic deposit, and a sanitary pan deposit is located directly north-east. It is unknown whether 
these deposits are represented in the study site plume concentrations.  
 
 
Figure 33. Map view of the estimated extent of the ammonia plume in the Windang unconfined 
sandy aquifer, showing attenuation in the south-western and north-eastern edges of the site and 
approximate groundwater flow direction. Intervals between concentration classes are 
approximate. 
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The presence of moderate ammonia concentrations around BH9 may be related to local surface 
hydrology or geological variations upstream of this bore as discussed in 5.2.3. 
5.3.2. Plume discharge into Lake Illawarra 
It can be assumed with reasonable certainty that the contaminant plume is discharging into Lake 
Illawarra through two primary mechanisms; steady-state flow brought about by the hydraulic 
gradient, with punctuations of pulsatile discharge generated by rainfall. Whilst the pulsatile 
discharge of ammonia was unable to be calculated, steady-state discharge still provides a useful, 
conservative estimate of contaminant discharge into the lake. Developing a methodology for 
calculating rainfall pulsatile discharge will present a more accurate approximation of the attenuation 
of the plume through time. Discharge is likely also occurring due to water table fluctuations at the 
western edge of the aquifer associated with tidal pumping, though the effect was deemed negligible. 
 
Understanding the plume discharge location into Lake Illawarra is useful in determining the nutrient 
loading and potential for mixing of the plume in the lake. It can be assumed that the presence of a 
saltwater wedge acts as a density ramp for the submarine discharge of groundwater into Lake 
Illawarra. Due to the freshwater-saltwater interface likely reaching the surface near the shoreline, it 
can also be assumed that SGD is occurring at the shoreline, or close to the shore. However, with the 
permanent opening of Lake Illawarra, the fringes of the lake are experiencing a greater tidal 
influence than during prior, more intermittent openings (pers. comm. Errol McLean, 2016). Hence, 
any SGD of ammonia experiences greater dilution than before the permanent opening was 
emplaced, meaning that localised impacts of the plume upon Lake Illawarra are probably diminished 
but the potential for ammonia transport around the lake is amplified.  
5.3.3. Fate of the plume 
Attenuation of the ammonia plume is already occurring at a substantial rate, with the plume 
attenuating to concentrations one-quarter of concentrations 15 years ago in some boreholes. Hence, 
it is accepted that in time the ammonia plume will attenuate below detectable concentrations, or 
ammonia concentrations will decrease to the background concentration found in uncontaminated 
water in the peninsula, assuming that the contaminant source is completely leached. What is 
unknown is precisely how long it will take, though best estimates calculated in this study range 
between 7.4 and 40.1 years based on independent calculations. This means that that the ammonia 
plume in the Windang unconfined aquifer, and any potential impacts it may be having upon Lake 
Illawarra, are set to remain for some time.  
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It is possible that the plume may shift positions in the aquifer over time. Drought conditions could 
lead to the intrusion of the salt wedge as lake water becomes more saline due to evaporation and 
decreased freshwater recharge into both Lake Illawarra and the Windang peninsula, which would 
see the plume rising to the surface farther east of the shoreline than it currently does. Should 
natural attenuation of the plume be an unsuitable management decision, there are practical 
methods to further attenuate contaminant plumes in groundwater which will be discussed in the 
recommendations section in section 6.1. 
5.4. Limitations  
Whilst this study was able to provide valuable insight into the ammonia plume in the Windang 
unconfined aquifer, the results obtained in this study are limited by several factors: 
 Water quality was assessed using a relatively small set of boreholes (8). Assumptions about 
water quality at depths and positions in the aquifer not represented by monitoring wells 
have the potential to be incorrect as water quality can be influenced significantly by 
localised factors; 
 The boreholes sampled make up the boundaries of the study site, meaning that no 
boreholes lie inside the extent of the study site. This means that assumptions made about 
water quality inside the study site have the potential to be inaccurate; 
 Calculated hydraulic conductivities represent conductivity at depth rather than of the 
aquifer as a whole as slug testing was only performed in the WP1-12 and WP4-12. The 
plume is probably discharging at the surface, meaning that WP4-4 hydraulic conductivity 
would be more applicable in determining discharge out of the aquifer; 
 The migration rates in this study are calculated using the horizontal advection formula. 
However, the plume is also moving upwards through the aquifer, meaning that the plume 
would take longer to move through the aquifer than if it were just travelling horizontally. 
Without knowing the rate of vertical advection, the migration rates calculated can be 
considered non-conservative estimates; 
 Plume tonnages calculations are relatively simple calculations and may not accurately 
represent realistic plume tonnages for the reasons addressed in section 4.6.1; 
 Calculations based on attenuation rates are limited by the amount of historical borehole 
concentration data available, with data from 2001 only available for BH2, and only four 
months of historical data for BH9 and BH10 in 2004. Rates also at best represent attenuation 
towards the north-western edge of the study site, which may not be representative of 
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attenuation in the entire aquifer. Attenuation rates also assume the contaminant site is fully 
leached, which is as yet unknown; 
 Groundwater discharge associated with rainfall events was unable to be accounted for in 
plume discharge calculations. Whilst rainfall is likely only responsible for the discharge of the 
plume close to the surface, it is still a factor in the discharge of the plume. Whilst efforts 
were made to calculate rainfall discharge in this study, the result based on available data 
was uncertain and hence not included; 
 The effects of tidal pumping on the aquifer past the fluctuation of the water table height 
could not be quantified; 
 Isotopic testing has the potential to allow the differentiation of ammonia inputs into the 
aquifer, though such testing was unable to be conducted due to funding limitations; 
 Beyond theoretical impacts, this study was not able to practically determine the effects that 
the ammonia plume is having on Lake Illawarra. 
 
Whilst these limitations may be significant to contribute uncertainty around certain characteristics 
of the aquifer, it is not uncommon for groundwater and aquifer studies to use a similar number of 
wells and work with the same kinds of limitations. 
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Chapter 6. Conclusion and recommendations 
The objectives of this study were primarily aimed at building upon short-term monitoring work 
undertaken by Longhurst (2015) with the newly installed WP bores, and to augment monitoring 
work performed by Yassini and Robson (2005) from 2001 to 2005 undertaken to understand the 
contaminant plume in the Windang unconfined sandy aquifer.  
 
The principal outcomes of this study were the characterisation of elements of the aquifer and 
ammonia plume that were unable to be quantified in the past. For instance, the 3D shape, as well as 
the approximate northern and southern extents of the ammonia plume, had not been determined 
prior to this study. Whilst these plume extents were able to be approximated in this study, proper 
3D modelling of the contaminant plume was unable to be performed due to time and financial 
constraints. Approximate contaminant plume tonnages and discharge volumes into Lake Illawarra 
were also calculated which had not been quantified in the past. A key outcome achieved in this 
study was the quantification of plume attenuation which had not previously been achieved for the 
Windang unconfined sandy aquifer. Understanding plume attenuation is of particular importance to 
managers at Wollongong City Council (WCC) due to the impacts that the plume may be having on 
the lake. However, the potential impacts of the plume on Lake Illawarra this study proposes are 
theoretical, and section 6.1 makes recommendations for the determination of any impacts the 
contaminant plume may be having upon Lake Illawarra. Additionally, the specific origins of the 
contaminant plume, and specifically the fractionation of ammonia-nitrogen inputs, was not able to 
be quantified due to the inability to carry out isotopic analysis of nitrogen-ammonia because of 
logistical and financial constraints. This study was able to confirm and reinforce predictions made by 
Longhurst (2015) including the movement of the contaminant plume over a saltwater wedge 
intruding into the Windang unconfined aquifer from Lake Illawarra. This study also provides further 
insight into the influence of rainfall upon the aquifer and the ammonia plume, and the longer-term 
modelling of the aquifer compared to Longhurst (2015) provides more reliable insight into the 
fluctuation of chemical properties in the groundwater. 
 
Whilst the study had limitations in what it could practically achieve in a relatively short period of 
time, it was able to address and fulfil the majority of the aims and objectives set out in section 1.2. 
This study will serve as a practical base of knowledge for managers at WCC, and may be used as a 
reference for managers of numerous other lakes or intermittently-closed-or-open-lagoons along the 
east coast of Australia which are under threat from contaminant plumes.  
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6.1.  Recommendations 
There is more work that could still be performed on the Windang unconfined sandy aquifer, both 
inside and outside the study site and in Lake Illawarra, which could be used to further understand 
and determine the effects of the contaminant plume as a means of informing future management. 
Recommendations for future study and the remediation of the ammonia plume are as follows: 
Furthering hydraulic understanding 
It is rare for aquifers to be both isotropic and homogenous, so it is important to gain an idea about 
the isotropy of an aquifer (Heath 1983). Vertical isotropy, which is whether the aquifer is of 
homogenous consistency on the Y-axis, was not calculated in this study, and lack of certainty about 
vertical isotropy can lead to errors in reported hydraulic conductivity using slug tests (Butler & 
Healey 1998). Uncertainty could be potentially circumvented by slug testing (at least at WP1, 2, 3 
and 4) using the 4-metre, 8-metre and 12-metre bores at each site and comparing the K values 
obtained. It would be expected that any hydraulic conductivity values obtained at WP3-12 may be 
divergent (likely greater) from hydraulic conductivities obtained at other bores due to the fact that 
the bore screen in that well had torn upon installation. Additionally, or alternatively, pumping tests 
could be undertaken at each bore in the site; pumping tests provide a more wide-scale estimate of 
aquifer heterogeneity (Spring 2006). Obtaining an idea about aquifer heterogeneity helps inform 
how the plume moves through the aquifer and can be used in determining any unreported flow 
retardation that may be occurring.  
 
Additionally, the bedrock depth of the aquifer is largely speculative or unknown. It would be possible 
to use ground penetrating radar to determine the thickness of the aquifer accurately. Accurate 
aquifer thicknesses would allow more accurate plume tonnages and discharge calculations to be 
performed as both rely on an accurate aquifer thickness in their calculation.  
 
An attempt was made in this study to account for pulsatile discharge associated with rainfall, but it 
was not possible due to time and data limitation. Further studies should make attempts to calculate 
any impact that rainfall pulsatile discharge may have upon Lake Illawarra when coupled with steady-
state discharge. 
Yearly monitoring 
This study recommends the annual or biannual sampling of all bores in the study site as a means of 
monitoring the contaminant plume movement and further determining the attenuation of the 
J. Palma, 2016 
 
 
98 
 
plume. When the plume has largely attenuated, it would be useful to compile this information into a 
comprehensive study of septic ammonia plume attenuation in a coastal aquifer, a topic that has not 
been covered in depth in published literature. 
Sampling near contaminant site 
The sampling and analysis of contaminated groundwater and soil from the nightsoil and septic 
effluent deposits south-east of the study site would allow the characterisation of ‘young’ 
contaminated groundwater. If no nitrate is present in the samples then it is possible that DNRA is 
not a contributing process in primary ammonia production, and that ammonia in the aquifer is 
derived from direct leaching from the source or ammonification of organic nitrogen. It may be 
possible to determine time-dependent processes that may alter the characteristics of the plume by 
sampling ‘young’ groundwater. Additionally, the sampling of contaminated soil would provide an 
idea of whether the contaminant source has been depleted or not, which would inform plume 
attenuation and time-till-depletion rates. 
Installation of a new monitoring well 
The installation of at least one new monitoring well array is recommended north-west of the BH10 
around 50 metres away from the shoreline to provide a better basis for determining the westward 
upwelling of the ammonia plume in the aquifer. The installation of a 4, 8 and 12 meters bore array in 
this location would allow further insight into the depths at which the plume is likely diffusing from 
the aquifer into the lake sediment by two means; firstly, by determining the differences in ammonia 
concentration with depth, and secondly, by allowing more accurate modelling of the freshwater-
saltwater interface that acts as a density ramp for the ammonia plume.  
3D plume modelling 
This study was only able to undertake plume modelling in ArcScene which is relatively primitive for 
the purposes of 3D plume modelling. Whilst this study was able to establish a preliminary idea of the 
3D extents of the plume using interpolated images, a more accurate model of the contaminant 
plume could be established using proper 3D plume modelling software such as MODFLOW. Such 
programs allow the inclusion of hydraulic parameters such as groundwater migration and can 
perform temporal modelling, which ArcScene was not able to account for. Accurate plume modelling 
can be important for coastal managers, particularly where contaminant plumes may threaten 
vulnerable and fragile ecosystems that are nearby. 
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Isotopic testing of ammonia-nitrogen 
To differentiate between inputs of ammonia-nitrogen into the aquifer, it is recommended that 
15N/14N isotopic analysis of ammonia is undertaken. Sampling should be undertaken at WP2-12, 
which is close to the contaminant source and ammonia-nitrogen is highly likely to be sourced from 
the dumping site and at BH2 where it is possible that ammonia-nitrogen could be sourced from 
course management processes at PKGC. Biogeochemical processes such as ammonification which 
may alter 15N/14N ratios need to be considered whilst analysing isotopic tests (Möbius 2013). Testing 
could also be undertaken at the fringes of the bores to identify whether dilute ammonia 
concentrations in WP1 and WP4 are due to biogeochemical dispersion of septic ammonia or from 
other ammonia inputs. No published literature details 15N/14N isotopic analysis of ammonia in 
septic/nightsoil contaminated groundwater in a setting such as this, and such testing could fill a gap 
in published literature. 
Submarine groundwater discharge proxies 
To obtain an idea of where exactly in Lake Illawarra that SGD of the ammonia plume is occurring, 
sampling in the lake could be undertaken using ammonia as a natural tracer. Samples could be taken 
just above the lake bed, as ammonia would discharge from lake sediment. As discharge in lake 
sediment would be expected to follow the extent of the plume, sampling in a line extrapolating 
outward from the plume extent map displayed in Figure 33 would be the most practical approach to 
this analysis. Coupled with bathymetric and hydraulic modelling of mixing patterns in the lake, this 
analysis would be useful in determining the effects that the discharge of the ammonia plume is 
having on the lake. Furthering concentration testing, 15N/14N testing could be undertaken with these 
samples to determine whether any ammonia detected is of nightsoil or septic origin.  
 
An additional or alternative analysis for determining the extent and location of SGD could include 
remotely sensed mapping of seagrass and saltmarsh populations in the lake off the peninsula. If SGD 
is indeed having an impact on the biosphere in the lake, it may be possible to use primary 
productivity as a proxy for determining the approximate location of the discharge if other nutrient 
inputs can be accounted for (Waska & Kim 2011). Additionally, the emplacement of radon tracers in 
the aquifer close to the shoreline would provide a useful proxy for determining the location and 
speed of plume discharge into the lake, as exemplified by Su et al. (2014). 
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Extraction wells 
Should the ammonia plume need to be removed completely from the aquifer, it may be possible to 
set up contaminant extraction systems in the current monitoring wells such as WP2-12, WP3-12, 
BH9, BH10 and BH2 which are ammonia ‘hotspots’. Extraction would involve pumping contaminant 
out and replacing contaminated water with clean water using the pump-and-treat method. The 
pump-and-treat method involves pumping contaminated groundwater out of the aquifer, treating it 
onsite, then re-injecting the treated water back into the aquifer (Doran 2002). This is the most direct 
and effective method of drawing ammonia out of the aquifer and ceasing its discharge into Lake 
Illawarra, but is potentially noisy and likely very costly. The irregular spacing of existing bores would 
mean that there would be patches where contaminant has not been extracted in places where there 
are no extraction wells in the vicinity. As well, extraction systems at BH2 and BH9 would probably be 
unfeasible for the PKGC. Managers would need to weigh up the benefits of implementing such a 
system where cheaper (though perhaps less effective) means may be more appropriate. 
 
Alternatively, contaminated water could be pumped out and treated offsite, and the aquifer 
recharged using nearby residential water mains and irrigation systems to recharge the aquifer. The 
aquifer likely contains millions of litres of contaminated groundwater, which in conjunction with 
treatment and trucking costs, may prove this a costlier solution than pump-and-treat. Additionally, it 
needs to be considered that the Windang peninsula is a residential area, and should contaminated 
water need to be trucked out for decontamination it may lead to noise complaints from residents.  
In-situ reactive barriers 
North of the study site a permeable reactive barrier made from steel furnace slag was placed ahead 
of groundwater flow from copper slag deposits at Korrongulla Swamp to stop heavy metal 
contamination into Lake Illawarra (Douglas Partners 2012; Longhurst 2015). Theoretically, it may be 
possible to emplace a similar type of barrier near to the lake edge and parallel to the shoreline at 
and north-west of the study site as a means of immobilising or detoxifying ammonia-nitrogen. For 
example, a permeable reactive barrier of fly ash and steel slag can be used as a reactive barrier to 
ammonia-nitrogen as shown in Qiu et al. (2014). There are other methods such as permeable 
geotextile barriers to retard the flow of contaminant, though these may constrict groundwater flow 
and discharge, and the peninsula is already flood-prone during heavy or prolonged rain events 
(Srinivasan et al. 2008). An additional well or wells would need to be emplaced north-west of BH10 
to develop a complete understanding of the depths at which the plume passes out of the aquifer 
and into the lake sediments as this would inform where a barrier would need to be emplaced. A 
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reactive barrier would likely be the most cost effective solution to managing the spread of the 
ammonia plume, as it is cheaper than the pump-and-treat extraction method (Doran 2002). 
However, the effects of fly ash and slag leaching, or indeed any reactive material used as a barrier, 
on Lake Illawarra would need to be investigated in-depth before any such barrier was emplaced as 
the barrier may leach with groundwater flow.  
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Chapter 8. Appendices 
APPENDIX A RAW WATER QUALITY DATA FOR ROUNDS 1 TO 7. 
Round 1 - DRY ROUND 
17/5/2016 
  
BH2 BH9  WP3 - 12 WP 2 -12 BH4 WP1 - 12 BH10  
Temperature 21.07   18.92 19.65 20.21 18.56 20.77 
pH 7.71   8.39 7.76 7.19 7.68 7.41 
EC (uS/cm) 1780   1814 1553 1414 1030 2496 
ORP (mV) -29   23 29 106 71 17 
DO (ppm) 0.63   0.48 0.57 0.66 0.65 0.56 
DO (%) 7.3   5.1 6.2 7.3 6.9 6.3 
Salinity (ppt) 0.92   0.94 0.81 0.71 0.51 1.33 
Density 998.52   999.01 998.72 998.55 998.73 998.9 
Colour Green   Tan/green Clear Clear Clear Very dark brown 
Odour Sulfurous   Sulfurous Metallic Metallic None Strong sulfurous 
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Round 2 - WET ROUND 
2/6/2016 
  
BH2 BH9  WP3 - 12 WP 2 -12 BH4 WP1 - 12 BH10  
Temperature 20.22 19.51 18.48 19.44 19.71 18.5 20.5 
pH 7.46 7.07 8.1 7.43 7.02 7.58 7.44 
EC (uS/cm) 1716 1748 1995 1582 1504 1048 2842 
ORP (mV) 7 -7 30 28 99 68 17 
DO (ppm) 0.5 0.81 0.72 0.65 0.68 0.96 1 
DO (%) 5.6 8.8 7.7 7.3 7.4 10.2 11.3 
Salinity (ppt) 0.88 0.9 1.04 0.81 0.78 0.54 1.51 
Density 998.68 998.83 999.15 998.78 998.7 998.76 999.09 
Colour Brownish Brownish/green light brown Dark brown Clear Clear Dark brown 
Odour strong strong strong mild mild mild Very strong 
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Round 3 - WET ROUND 
7/6/2016 
  
BH2 BH9  WP3 - 12 WP 2 -12 BH4 WP1 - 12 BH10  
Temperature     18.1 19.5 19.9 18.32 20.49 
pH     7.99 7.43 6.87 7.37 7.35 
EC (uS/cm)     1947 1580 1403 1047 2775 
ORP (mV)     23 13 123 85 32 
DO (ppm)     0.37 0.46 8.5 5.87 0.82 
DO (%)     3.9 5.1 92.5 62.5 9.2 
Salinity (ppt)     1.02 0.81 0.72 0.51 1.45 
Density     999.2 998.77 998.62 998.78 999.05 
Colour     Brownish Brownish Clear Clear/brown Dark brown 
Odour     Strong Strong  Mild Mild Strong 
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Round 4 - WET ROUND  
21/6/2016 
  
BH2 BH9  WP3 - 12 WP 2 -12 BH4 WP1 - 12 BH10  
Temperature 21.69 19.31 18.59 19.26 19.55 18.61 20.29 
pH 7.43 7.28 8.31 7.61 7.12 7.54 7.29 
EC (uS/cm) 1590 1674 1484 1562 1405 1033 2155 
ORP (mV) -1 -17 53 44 104 61 -15 
DO (ppm) 0.35 0.6 0.62 0.76 0.84 0.94 1.14 
DO (%) 4.2 6.5 6.7 8.3 9.2 10.1 12.6 
Salinity (ppt) 0.84 0.89 0.79 0.83 0.74 0.52 1.16 
Density 998.3 998.87 998.93 999.83 998.7 998.73 998.87 
Colour 
              
Odour 
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Round 5 - DRY ROUND 
5/7/2016 
  
BH2 BH9  WP3 - 12 WP 2 -12 BH4 WP1 - 12 BH10  
Temperature 19.76 18.92 18.51 19.44 19.41 18.52 20.04 
pH 8.04 7.83 8.59 8.18 7.55 7.98 7.47 
EC (uS/cm) 1544 1632 1251 1555 1388 1036 1836 
ORP (mV) -70 -41 46 33 81 50 -1 
DO (ppm) 0.5 0.56 0.97 0.72 0.67 0.68 0.73 
DO (%) 5.5 6 10.4 7.9 7.3 7.3 8.1 
Salinity (ppt) 0.82 0.87 0.64 0.83 0.74 0.52 0.96 
Density 998.73 998.93 998.83 998.79 998.71 998.74 998.7 
Colour 
              
Odour 
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Round 6 - DRY ROUND 
19/7/2016 
  
BH2 BH9  WP3 - 12 WP 2 -12 BH4 WP1 - 12 BH10  
Temperature 19.49 18.74 18.75 19.65 19.51 18.68 20.03 
pH 7.82 7.72 8.7 7.7 7.24 7.92 7.4 
EC (uS/cm) 1467 1643 1124 1552 1349 1034 1891 
ORP (mV) 
>900 
(probe limit) 
>900 
(probe limit) 
>900 
(probe limit) 
>900 
(probe limit) 
>900 
(probe limit) 
>900 
(probe limit) 
>900 
(probe limit) 
DO (ppm) 0.69 0.8 0.64 0.75 0.8 0.74 0.79 
DO (%) 7.5 8.6 6.9 8.2 8.8 7.9 8.8 
Salinity (ppt) 0.77 0.85 0.58 0.8 0.69 0.52 1 
Density 998.74 998.95 998.74 998.75 998.67 998.71 998.8 
Colour 
              
Odour 
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Round 7 - DRY ROUND 
8/8/2016 
  
BH2 BH9  WP3 - 12 WP 2 -12 BH4 WP1 - 12 BH10  WP4-12 
Temperature 19.35 18.78 18.87 19.46 19.15 18.52 19.48 19.59 
pH 7.11 7.26 8 7.16 6.95 7.43 7.01 7.31 
EC (uS/cm) 1450 1961 1018 1537 1328 1027 2020 >8000 
ORP (mV) 
>900 
(probe limit) 
>900 
(probe limit) 
>900 
(probe limit) 
>900 
(probe limit) 
>900 
(probe limit) 
>900 
(probe limit) 
>900 
(probe limit) 
-796 
DO (ppm) 0.87 0.97 0.98 0.95 1.05 0.83 1.18 0.88 
DO (%) 9.5 10.4 10.8 10.4 11.4 8.9 12.9 13.5 
Salinity (ppt) 0.75 1.03 0.52 0.8 0.69 0.53 1.07 57.35 
Density 998.75 999.11 998.67 998.75 998.75 998.75 998.97 1041.89 
Colour 
          
    Clear 
Odour 
          
    Salty 
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APPENDIX B QUALITY CONTROL SHEET FOR ION CONCENTRATIONS 
Table 30. Quality control sheet showing differences in percentage between the primary sample and the duplicate for each analyte in each round. 
Negative and positive values represent direction; negative values correspond to ion concentrations that were lower in the primary sample than in the 
duplicate sample, and positive values correspond to ion concentrations that were higher in the primary sample than in the duplicate sample. 
 
Round 
Wet or 
Dry 
Date 
Duplicate 
borehole 
Ammonia Nitrite Nitrate NOx TKN Total N Total P 
1 Dry 17th May 2016 BH2 0.0308 - 0.5 0.5 0.0420 0.0420 0.313 
2 Wet 2nd June 2016 BH4 -0.0229 - 0.3 0.3 0.221 0.193 - 
3 Wet 7th June 2016 BH4 -0.00951 - - - -0.108 -0.108 0.714 
4 Wet 21st June 2016 BH10 0.0113 - - - -0.0107 -0.0107 0.286 
5 Dry 5th July 2016 WP1-12 -0.0430 - - - -0.0909 -0.0909 -0.6 
6 Dry 19th July 2016 WP2-12 -0.0480 - - - -0.183 -0.183 0.5 
7 Dry 8th August 2016 WP3-12 0.0138 - - - 0.0189 0.0189 0.0769 
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APPENDIX C RAW ANALYTE CONCENTRATION DATA FOR ROUND 1 TO 7. 
Round 1 – Dry, 17/5/2016 
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Round 2 – Wet, 2/6/2016 
 
J. Palma, 2016 
 
 
118 
 
Round 3 – Wet, 7/6/2016 
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Round 4 – Wet, 21/6/2016 
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Round 5 – Dry, 5/7/2016 
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Round 6 – Dry, 19/7/2016 
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Round 7 – Dry, 8/8/2016.  
NOTE: Bromide and chloride ion concentrations are reported in these sampling results. 
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Br/CL sampling locations 
CBRO (Pacific Ocean) coordinates: 34°32'18.18"S, 150°52'28.43"E 
CBRL (Lake Illawarra) coordinates: 34°30'56.09"S, 150°52'15.67"E 
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APPENDIX D DISTRIBUTIONS AND NORMALITY TESTS FOR ALL ANALYTES AND ALL SAMPLING EVENTS USED IN DETERMINING STATISTICAL 
CORRELATIONS. 
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Figure 34. JMP Pro 11 statistical output of distributions of analytes included in the calculation of statistical correlations showing continuous fit curve and 
Shapiro-Wilk normality test. 
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Figure 35. Multivariate correlations for all analytes recorded during the study period showing the 
strength of the Pearson product-moment correlation and significance. ‘Signif prob’ values below 
0.05 are statistically significant correlations. 
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Figure 36. Multivariate correlations for all analytes recorded during the study period showing the 
strength of the Spearman correlation for non-normally distributed data and significance. 
‘Prob>|p|’ values below 0.05 are statistically significant correlations. 
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Table 31. Normality table showing the distribution of analytes derived from the Shapiro-Wilk test. 
Analyte Distribution 
Shapiro-Wilk P-value 
(P>0.05, data is non-normal) 
Ammonia Non-normal 0.0011 
Nitrate Non-normal <0.0001 
TKN Non-normal 0.0017 
TN Non-normal 0.0017 
TP Non-normal <0.0001 
pH Normal 0.1125 
EC Non-normal 0.0016 
ORP Normal 0.9835 
DO (ppm) Normal 0.8686 
DO (%) Normal 0.8674 
Salinity Non-normal 0.0025 
Density Non-normal <0.0001 
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APPENDIX E RISING/FALLING HEAD TESTS FROM SLUG TESTS IN WP4-12 (8th August 2016). 
Table 32. Calculation data for WP4-12 for both slug tests. 
Test 
L 
(cm) 
r 
(cm) 
H0 
(cm AHD) 
H 
(cm AHD) 
t0 
(s) 
Equation 
Falling head 
test 1 
100 2.75 40.1 32.3 18.071429 y = -0.007x + 0.4965 
Rising head 
test 1 
100 2.75 24.7 32.4 23.860465 y = -0.0086x + 0.5752 
Falling head 
test 2 
100 2.75 40.8 32.3 18.3167 y = -0.012x + 0.5898 
Rising head 
test 2 
100 2.75 24.7 32.4 24.08219178 y = - 0.0146x + 0.7216 
 
Table 33. Data used for calculation of hydraulic conductivity for slug test 1 in WP4-12. 
WP4-12 - Falling head test 1 WP4-12 - Rising head test 1 
t (s) h (cm AHD) h-H/H0-H t (s) h (cm AHD) (H-h/H-H0) 
0 32.3 9.10952E-16 0 32.4 0 
1 40.1 1 1 26.7 0.74025974 
2 39.9 0.974358974 2 24.7 1 
3 39.3 0.897435897 3 25.2 0.935064935 
4 38.8 0.833333333 4 25.7 0.87012987 
5 38.3 0.769230769 5 26.2 0.805194805 
6 37.9 0.717948718 6 26.5 0.766233766 
7 37.6 0.679487179 7 26.9 0.714285714 
8 37.3 0.641025641 8 27.3 0.662337662 
9 36.1 0.487179487 9 27.6 0.623376623 
10 36.1 0.487179487 10 27.9 0.584415584 
11 35.8 0.448717949 11 28.1 0.558441558 
12 35.6 0.423076923 12 28.4 0.519480519 
13 35.5 0.41025641 13 28.6 0.493506494 
14 35.2 0.371794872 14 28.9 0.454545455 
15 35 0.346153846 15 29.1 0.428571429 
16 34.9 0.333333333 16 29.3 0.402597403 
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17 34.7 0.307692308 17 29.5 0.376623377 
18 34.6 0.294871795 18 29.7 0.350649351 
19 34.4 0.269230769 19 29.8 0.337662338 
20 34.4 0.269230769 20 29.9 0.324675325 
21 34.1 0.230769231 21 30.1 0.298701299 
22 33.9 0.205128205 22 30.2 0.285714286 
23 34.1 0.230769231 23 30.4 0.25974026 
24 33.9 0.205128205 24 30.5 0.246753247 
25 33.9 0.205128205 25 30.6 0.233766234 
26 33.4 0.141025641 26 30.7 0.220779221 
27 33.6 0.166666667 27 30.8 0.207792208 
28 33.1 0.102564103 28 30.9 0.194805195 
29 33.1 0.102564103 29 31 0.181818182 
30 33.3 0.128205128 30 31.1 0.168831169 
31 33.3 0.128205128 31 31.2 0.155844156 
32 33.3 0.128205128 32 31.2 0.155844156 
33 33.3 0.128205128 33 31.3 0.142857143 
34 33.4 0.141025641 34 31.3 0.142857143 
35 33 0.08974359 35 31.4 0.12987013 
36 33.3 0.128205128 36 31.4 0.12987013 
37 33.1 0.102564103 37 31.5 0.116883117 
38 33.5 0.153846154 38 31.5 0.116883117 
39 33.1 0.102564103 39 31.6 0.103896104 
40 32.9 0.076923077 40 31.6 0.103896104 
41 33.1 0.102564103 41 31.7 0.090909091 
42 32.9 0.076923077 42 31.7 0.090909091 
43 32.7 0.051282051 43 31.7 0.090909091 
44 33.1 0.102564103 44 31.8 0.077922078 
45 32.9 0.076923077 45 31.8 0.077922078 
46 32.8 0.064102564 46 31.8 0.077922078 
47 32.8 0.064102564 47 31.9 0.064935065 
48 32.8 0.064102564 48 31.9 0.064935065 
49 32.8 0.064102564 49 31.9 0.064935065 
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50 32.8 0.064102564 50 32 0.051948052 
51 32.8 0.064102564 51 32 0.051948052 
52 32.7 0.051282051 52 32 0.051948052 
53 32.7 0.051282051 53 32 0.051948052 
54 32.7 0.051282051 54 32 0.051948052 
55 32.6 0.038461538 55 32 0.051948052 
56 32.6 0.038461538 56 32 0.051948052 
57 32.6 0.038461538 57 32.1 0.038961039 
58 32.6 0.038461538 58 32.1 0.038961039 
59 32.8 0.064102564 59 32.1 0.038961039 
60 32.5 0.025641026 60 32.1 0.038961039 
61 32.6 0.038461538 61 32.1 0.038961039 
62 32.6 0.038461538 62 32.1 0.038961039 
63 32.6 0.038461538 63 32.1 0.038961039 
64 32.7 0.051282051 64 32.1 0.038961039 
65 32.4 0.012820513 65 32.1 0.038961039 
66 32.5 0.025641026 66 32.1 0.038961039 
67 32.6 0.038461538 67 32.2 0.025974026 
68 32.6 0.038461538 68 32.2 0.025974026 
69 32.5 0.025641026 69 32.2 0.025974026 
70 32.5 0.025641026 70 32.2 0.025974026 
71 32.5 0.025641026 71 32.2 0.025974026 
72 32.5 0.025641026 72 32.2 0.025974026 
73 32.5 0.025641026 73 32.2 0.025974026 
74 32.5 0.025641026 74 32.2 0.025974026 
75 32.5 0.025641026 75 32.2 0.025974026 
76 32.5 0.025641026 76 32.2 0.025974026 
77 32.5 0.025641026 77 32.2 0.025974026 
78 32.5 0.025641026 78 32.2 0.025974026 
79 32.5 0.025641026 79 32.2 0.025974026 
80 32.5 0.025641026 80 32.2 0.025974026 
81 32.5 0.025641026 81 32.2 0.025974026 
82 32.4 0.012820513 82 32.2 0.025974026 
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83 32.4 0.012820513 83 32.2 0.025974026 
84 32.6 0.038461538 84 32.3 0.012987013 
85 32.4 0.012820513 
   
86 32.4 0.012820513 
   
87 32.4 0.012820513 
   
88 32.5 0.025641026 
   
89 32.4 0.012820513 
   
90 32.4 0.012820513 
   
91 32.3 9.10952E-16 
   
 
Table 34. Data used for calculation of hydraulic conductivity from slug test 2 in WP4-12. 
WP4-12 - Falling head test 2 WP4-12 - Rising head test 2 
t (s) h (cm AHD) h-H/H0-H t (s) h (cm AHD) (H-h/H-H0) 
0 32.3 8.35933E-16 0 32.5 -0.012987 
1 36.4 0.482352941 1 26.7 0.74025974 
2 40.8 1 2 24.6 1.01298701 
3 39.3 0.823529412 3 25.2 0.93506494 
4 38.9 0.776470588 4 25.7 0.87012987 
5 38.5 0.729411765 5 26.1 0.81818182 
6 38.1 0.682352941 6 26.5 0.76623377 
7 37.6 0.623529412 7 26.9 0.71428571 
8 37.1 0.564705882 8 27.2 0.67532468 
9 36.6 0.505882353 9 27.5 0.63636364 
10 36.2 0.458823529 10 27.8 0.5974026 
11 35.8 0.411764706 11 28.1 0.55844156 
12 35.7 0.4 12 28.3 0.53246753 
13 35.5 0.376470588 13 28.6 0.49350649 
14 35.2 0.341176471 14 28.8 0.46753247 
15 35.1 0.329411765 15 29 0.44155844 
16 35.1 0.329411765 16 29.2 0.41558442 
17 34.9 0.305882353 17 29.4 0.38961039 
18 34.5 0.258823529 18 29.6 0.36363636 
19 34.5 0.258823529 19 29.8 0.33766234 
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20 34.4 0.247058824 20 29.9 0.32467532 
21 34.3 0.235294118 21 30.1 0.2987013 
22 34.2 0.223529412 22 30.2 0.28571429 
23 34.1 0.211764706 23 30.3 0.27272727 
24 33.9 0.188235294 24 30.4 0.25974026 
25 33.9 0.188235294 25 30.6 0.23376623 
26 33.7 0.164705882 26 30.7 0.22077922 
27 33.7 0.164705882 27 30.7 0.22077922 
28 33.8 0.176470588 28 30.8 0.20779221 
29 33.8 0.176470588 29 30.9 0.19480519 
30 33.7 0.164705882 30 31 0.18181818 
31 33.4 0.129411765 31 31.1 0.16883117 
32 33.1 0.094117647 32 31.2 0.15584416 
33 33.3 0.117647059 33 31.2 0.15584416 
34 33.2 0.105882353 34 31.3 0.14285714 
35 33.2 0.105882353 35 31.4 0.12987013 
36 33.1 0.094117647 36 31.4 0.12987013 
37 33.1 0.094117647 37 31.5 0.11688312 
38 33 0.082352941 38 31.5 0.11688312 
39 33 0.082352941 39 31.6 0.1038961 
40 33 0.082352941 40 31.6 0.1038961 
41 32.9 0.070588235 41 31.6 0.1038961 
42 32.9 0.070588235 42 31.7 0.09090909 
43 32.9 0.070588235 43 31.8 0.07792208 
44 32.8 0.058823529 44 31.8 0.07792208 
45 32.8 0.058823529 45 31.8 0.07792208 
46 32.8 0.058823529 46 31.8 0.07792208 
47 32.8 0.058823529 47 31.8 0.07792208 
48 32.8 0.058823529 48 31.8 0.07792208 
49 32.8 0.058823529 49 31.9 0.06493506 
50 32.8 0.058823529 50 31.9 0.06493506 
51 32.8 0.058823529 51 32 0.05194805 
52 32.8 0.058823529 52 32 0.05194805 
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53 32.7 0.047058824 53 32 0.05194805 
54 32.6 0.035294118 54 32 0.05194805 
55 32.6 0.035294118 55 32 0.05194805 
56 32.6 0.035294118 56 32 0.05194805 
57 32.6 0.035294118 57 32.1 0.03896104 
58 32.4 0.011764706 
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Figure 37. Graph of (h-H/H0-H) vs. time for falling head tests from slug tests 1 and 2 for WP4-12. 
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Figure 38. Graph of (H-h/H-H0) vs. time for rising head tests from slug tests 1 and 2 for WP4-12. 
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APPENDIX F RISING/FALLING HEAD TESTS FROM SLUG TESTS IN WP1-12 (8th August 2016). 
 
Table 35. Calculation data for WP1-12 for the slug test. 
WP1-12 
slug Test 
L 
(cm) 
r 
(cm) 
H0 
(cm AHD) 
H 
(cm AHD) 
t0 (s) Equation 
Falling head test 100 2.75 121.6 119.7 29.20365 y = -0.0879x + 2.937 
Rising head test 100 2.75 112.1 119.5 20.95982 y = -0.0224x +0.8395 
 
Table 36. Data used for calculation of hydraulic conductivity for the slug test in WP1-12. 
WP1-12 - Falling head test WP1-12 - Rising head test 
t h h-H/H0-H t h (H-h/H-H0) 
0 119.7 0 0 119.5 0 
1 121.6 1 1 114.6 0.662162162 
2 125.6 3.105263158 2 112.1 1 
3 127.6 4.157894737 3 112.9 0.891891892 
4 127.4 4.052631579 4 114.2 0.716216216 
5 126.8 3.736842105 5 114.3 0.702702703 
6 126.3 3.473684211 6 113.6 0.797297297 
7 125.7 3.157894737 7 113.5 0.810810811 
8 125.2 2.894736842 8 113.9 0.756756757 
9 124.7 2.631578947 9 114.2 0.716216216 
10 124.1 2.315789474 10 114.6 0.662162162 
11 122.7 1.578947368 11 114.9 0.621621622 
12 122.5 1.473684211 12 115.2 0.581081081 
13 122.5 1.473684211 13 115.5 0.540540541 
14 121.5 0.947368421 14 115.7 0.513513514 
15 121.9 1.157894737 15 116 0.472972973 
16 121.3 0.842105263 16 116.3 0.432432432 
17 121.4 0.894736842 17 116.5 0.405405405 
18 121 0.684210526 18 116.7 0.378378378 
19 120.8 0.578947368 19 116.9 0.351351351 
20 120.6 0.473684211 20 117.1 0.324324324 
J. Palma, 2016 
 
 
139 
 
21 120.2 0.263157895 21 117.4 0.283783784 
22 120.6 0.473684211 22 117.5 0.27027027 
23 120.3 0.315789474 23 117.7 0.243243243 
24 120.2 0.263157895 24 117.9 0.216216216 
25 120.1 0.210526316 25 118 0.202702703 
26 120.3 0.315789474 26 118.2 0.175675676 
27 120.2 0.263157895 27 118.3 0.162162162 
28 120.1 0.210526316 28 118.4 0.148648649 
29 120.1 0.210526316 29 118.6 0.121621622 
30 119.9 0.105263158 30 118.6 0.121621622 
31 120 0.157894737 31 118.8 0.094594595 
32 119.8 0.052631579 32 118.8 0.094594595 
33 119.9 0.105263158 33 118.9 0.081081081 
34 120.1 0.210526316 34 119 0.067567568 
35 119.9 0.105263158 35 119.1 0.054054054 
36 119.5 -0.105263158 36 119.1 0.054054054 
37 120.1 0.210526316 37 119.2 0.040540541 
38 119.8 0.052631579 38 119.3 0.027027027 
39 120.1 0.210526316 39 119.3 0.027027027 
40 119.1 -0.315789474 40 119.3 0.027027027 
41 119.8 0.052631579 41 119.4 0.013513514 
42 119.7 0 42 119.4 0.013513514 
   
43 119.5 0 
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Figure 39. Graph of (h-H/H0-H) vs. time for falling head test from the slug test in WP4-12. 
 
Figure 40. Graph of (H-h/H-H0) vs. time for rising head test from the slug test in WP4-12. 
Note: all bore casing radii are 0.0275 metres, except for BH4 and BH10 whose cases have a radius of 
0.025 metres. 
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APPENDIX G DARCY FLOW VELOCITY AND DISCHARGE DATA 
 
Table 37. Parameters used in the calculation of Darcy flow and discharge. 
Parameter Notes 
Study site area (A) = 248 018 m2 Obtained from Google Earth Pro 
Depth to bedrock at shoreline = 11m 
Best known estimate based on pers. comm. 
Brent Peterson (2016); bedrock was hit during 
WP4-12 installation. 
Length of study site shoreline = 475.54 m Obtained using Google Earth Pro 
Cross-sectional discharge area at shoreline (A) = 
5230.94 m2 
Shoreline length and depth to bedrock 
multiplied. Screen of discharge from Windang 
unconfined aquifer into Lake Illawarra 
Gradient (i) = 0.001127 
Average of northern and southern transect 
‘overall’ mean gradients. Note that this is a 
different value to % slope 
Porosity (n) = 0.33 
Known value (pers. comm. Wollongong city 
council, 2016) 
Hydraulic conductivity (K) = 5.387 m/day 
Average hydraulic conductivity of rising/falling 
head slug tests conducted at WP1-12 and WP4-
12 
1 m3 = 1000 Litres 
Assumed value for the conversion of discharge 
to litres 
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APPENDIX H STATISTICAL OUTPUT FOR NORMALITY DISTRIBUTION AND BIVARIATE 
CORRELATIONS 
Statistical output for correlations between Cudgeree Bay and WP1-12/WP3-8/WP4-12, and between 
WP1-12 and rainfall.  
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Figure 41. Normality distribution of WP1-12 and the bivariate correlation between Cudgeree Bay 
SWL and WP1-12 SWL from 7/10/2015 – 7/6/2016. 
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Figure 42. Normality distribution of WP3-8 and the bivariate correlation between Cudgeree Bay 
SWL level and WP3-8 SWL from 8/8/2015 - 10/9/2016. 
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 Figure 43. Normality distribution of WP4-12 and the bivariate correlation between Cudgeree Bay 
SWL and WP4-12 SWL from 22/10/2015 - 4/7/2016. 
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Figure 44. Normality distribution and the bivariate correlation between WP1-12 SWL and rainfall 
from 1/1/2016 - 7/6/2016. 
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APPENDIX I ArcMap 10.2 MODEL USED IN THE CREATION OF INTERPOLATED RASTERS 
Figure 45 shows the ArcMap model used in the creation of the interpolated raster for mean ‘overall’ 
ammonia concentration. ‘Overall ammonia point data’ refers to a point shapefile containing 8 points 
of mean ammonia concentration sourced from the boreholes.  
 
Figure 45. Example of the models used in the creation of ‘overall’, ‘wet’ and ‘dry’ interpolated 
rasters for every analyte for the ‘flat-lay’ method, as well as used for the interpolated rasters in 
the ‘layered’ model. 
